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ABSTRACT 


I describe and figure petrosal bones for a sample of 35 (12 extinct, 23 extant) artiodactylans, 
perissodactylans, fmesonychids, and archaic ungulates. Detailed herein are the cladistic 
characters of the petrosal used in the recent combined analysis of molecular and morphological 
data by Spaulding et al. (2009). That analysis, the largest in taxa and characters for 
artiodactylans (including cetaceans) to date, showed that hippopotamids are the closest living 
relatives of cetaceans. It also showed that in the shortest trees f Indohyus is on the stem lineage to 
Cetacea and that tmesonychians are positioned outside Artiodactyla; however, these positions 
for fossils are highly unstable, as tmesonychians are more closely related to cetaceans than is 
t Indohyus in trees only two steps longer. 

I show that in many ways the osteology of the hippopotamid ear resembles that of certain 
stem cetaceamorphans more than it resembles the ear regions of suines (pigs and peccaries). 
Previous studies have suggested that many artiodactylans lacked an inflated tegmen tympani of 
the petrosal; however, that generalization is not supported by data presented herein. Petrosal 
characters, such as the presence of the prefacial commissure fossa, presence of a convex and 
hyperinflated tegmen tympani, and the absence of a subarcuate fossa, are shown to be 
synapomorphies of hippopotamids and cetaceans. Some of these features were previously 
argued to represent a special similarity between fmesonychids and cetaceans, but these are here 
interpreted as homoplasies. Other features previously argued to be extremely similar between 
tmesonychians and cetaceans to the exclusion of other ungulates, such as the presence of the 
anterior process of the tegmen tympani, are shown to be more widely distributed among 
ungulates than previously recognized. A number of artiodactylans, including ruminants, are also 
shown to have transpromontorial sulci on the petrosal despite reports that the internal carotid 
artery is absent in the neck of ruminants. The petrosals of fanthracothere and fentelodont 
species exhibit varied morphology, with the fanthracothere ~\Bothriogenys having the greatest 
gross similarity to the hippopotamid and cetaceamorphan condition; however, shortest trees 
indicate that these similarities are convergent. 


INTRODUCTION 

The petrosal is a bilateral bone in the skull 
that forms part of the mammalian ear. It 
houses the organs of hearing and balance and 
serves as a conduit for several nerves and 
blood vessels passing between the skull and 
the neck or face. The anatomy of this bone is 
complex, thus it has been used extensively in 
comparative mammalian systematics. 

The ear regions of cetaceans, including the 
petrosal bone, underwent significant morpho¬ 
logical changes relative to those of terrestrial 
mammals when cetaceans made an evolution¬ 
ary transition from life on land to life in the 
water more than 50 million years ago (Gatesy 
and O’Leary, 2001). The complex modifica¬ 
tions to cetacean ears relative to those of land 
mammals allow cetaceans to process sound 
that has traveled through water rather than air 
(Luo and Gingerich, 1999). Deciphering the 
historical sequence of anatomical changes in 
the cetcean ear region through time requires 
an understanding of the anatomy of cetacean 
relatives, both extinct and extant. 


The last 15 years have been characterized 
by debate about differences in molecule- and 
morphology-based signals pertaining to the 
phylogenetic position of cetaceans among 
mammals (see reviews in Gatesy and 
O’Leary, 2001; Geisler and Uhen, 2003; 
O’Leary et al., 2004; O’Leary and Gatesy, 
2008). It has become clear from these studies 
that the closest known relative of Cetacea is 
extinct, underscoring the important role the 
fossil record plays in reconstructing the 
evolution of the cetacean ear region. Ceta¬ 
ceans have long been thought to be closely 
related to extinct fmesonychians (see reviews 
in Gatesy and O’Leary, 2001). Luo and 
Gingerich (1999) even explicitly hypothesized 
that fmesonychians were directly ancestral to 
cetaceans. With this close relationship in 
mind, Luo and Gingerich (1999) examined 
the petrosal anatomy in basal cetaceans and 
identified transitional stages in the evolution 
of the cetacean petrosal, including a number 
of synapomorphies between fmesonychians 
and cetaceans. The phylogenetic position of 
fmesonychians has, however, subsequently 
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become unstable (e.g., O’Leary and Gatesy, 
2008; Spaulding et al., 2009) such that they 
are now one of several extinct clades under 
consideration to be the closest relative of 
Cetacea. This phylogenetic instability under¬ 
scores the need for expanded comparative 
anatomical studies of the ear regions of many 
artiodactylans. 

Hippopotamids have been shown repeat¬ 
edly, on the basis of molecular data (reviewed 
in Gatesy and O’Leary, 2001; Marcot, 2007; 
O’Leary and Gatesy, 2008) and combined 
analyses (Geisler et al., 2007; O’Leary and 
Gatesy, 2008; Spaulding et al., 2009), to be 
the extant sister taxon of cetaceans. This 
result, however, is not separately supported 
by morphology alone (O’Leary and Gatesy, 
2007; Spaulding et al., 2009). Nonetheless, 
detailed comparisons of the hippopotamid 
ear region in a phylogenetic context are 
important if we are to understand the 
sequence of osteological transformations that 
occurred in the origin of cetaceans, and to 
understand what morphologies coincide with 
observed behavioral differences in the ability 
of a mammal to process airborne sound, 
waterborne sound, or both. Furthermore, no 
atlas exists that compares the petrosal 
anatomy of perissodactylans, cetartiodact- 
yans, “fcondylarths,” and outgroups to serve 
as a general anatomical resource for this 
skeletal region in ungulates. 

Flerein I describe and figure the anatomy 
of the petrosal in 35 artiodactylans and their 
ungulate relatives, including 12 fossil taxa, 
and interpret the phylogenetic pattern of 
evolution in petrosal osteology in the context 
of a separately published total evidence 
analysis (based on morphology and mole¬ 
cules) of the position of cetaceans among 
mammals (Spaulding et al., 2009). 

THE PETROSAL IN MAMMALIAN 
SYSTEMATICS, WITH A SPECIFIC FOCUS 
ON UNGULATES AND ARTIODACTYLANS 

The petrosal bone in the mammalian skull 
has historically been a rich source of infor¬ 
mation for mammalian phylogenetics. Inves¬ 
tigators have repeatedly found this bone to 
be both distinctive and variable, thereby 
providing the kind of information necessary 
to discriminate deep phylogenetic divergences 


within Mammalia. Comparative studies that 
have incorporated detailed information on 
the petrosal in taxa other than ungulates and 
cetaceans include MacIntyre (1972) for 
mammals, Novacek (1986) for leptictid in- 
sectivorans, MacPhee (1981) for primates 
and insectivorans, Cifelli (1982) for “fcon- 
dylarths,” Wible and Novacek (1988) and 
Giannini et al. (2006) for bats, Thewissen 
(1985) for tubulidentates, MacPhee (1994) 
for tubulidentates and relatives. Hunt (2001) 
for carnivorans, Asher et al. (2002) for 
“insectivorans,” Archer (1976), Wible 
(1990), and Sanchez-Villagra and Wible 
(2002) for marsupials, and Wible et al. 
(1995, 2001) and Eckdale et al. (2004) for 
Mesozoic mammals. In certain cases, hy¬ 
potheses of relationship have been tested 
exclusively with characters from this bone 
(e.g., Wible, 1990; Wible et al., 1995). 

Comparative petrosal osteology has a long 
history in cetacean systematics because not 
only is this anatomical region very complex 
(thereby yielding many cladistic characters), 
it is also dense and sometimes loosely 
attached to the skull, particularly in extant 
odontocetes. As such, it is frequently well 
preserved in the fossil record. Until recently, 
descriptions of cetacean petrosal anatomy 
tended to be conducted relatively indepen¬ 
dently of those on the anatomy of terrestrial 
ungulates, but recent hypotheses of a close 
phylogenetic relationship between these 
groups have necessitated broader discussions 
of homology (e.g., Geisler and Luo, 1998; 
Luo and Gingerich, 1999, Mead and For- 
dyce, 2009; Geisler et al., 2005). A recent 
treatment of the osteology of the odontocete 
Tursiops by Mead and Fordyce (2009) 
devoted considerable space to descriptions 
and illustrations of the anatomy of the 
petrosal, underscoring the character-rich 
nature of this bone. 

A number of investigators have made 
important contributions to our knowledge 
of the anatomy of the petrosal in artiodacty¬ 
lans (cetaceans [whales, dolphins and por¬ 
poises] and even-toed terrestrial ungulates), 
perissodactylans (odd-toed ungulates), and 
“fcondylarths” (extinct, basal ungulates 
from the Early Tertiary period) specifically. 
Several separate anatomical treatments of the 
petrosal in living (e.g., Sisson, 1911; Wilkie, 
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1936; Getty, 1975) or fossil (Webb and 
Taylor, 1980; Norris, 1999) artiodactylans 
served as a foundation for my work. For 
cetaceans, important descriptive contribu¬ 
tions were done on fossil cetacean petrosals 
by Pompeckj (1922), Kellogg (1936), Kasuya 
(1973), Geisler and Luo (1996, 1998), Gin- 
gerich and Russell (1981), Oelschlager (1987), 
and, for living cetaceans, Mead and Fordyce 
(2009). Important integrative cladistic work, 
homologizing the petrosal anatomy of non¬ 
cetacean artiodactylans and cetaceans, in¬ 
cludes Geisler and Luo (1998) and Luo and 
Gingerich (1999). 

Luo and Gingerich (1999) and Mead and 
Fordyce (2009) standardized many petrosal 
terms used to describe cetaceans and other 
mammals. These papers were particularly 
fundamental contributions for synonymy 
across terrestrial mammals and cetaceans 
for the basicranium, a challenge complicated 
by the extremely derived nature of the 
cetacean ear region. The work of these 
authors also continued to unite two fields, 
cetology and more general mammalian anat¬ 
omy, each with its own terminology, often 
for the same structures. Luo and Gingerich 
(1999) organized their anatomical descrip¬ 
tions around cladistic characters, which 
helped to underscore broad homologies, 
and I follow their example herein. An 
outstanding characteristic of both Luo and 
Gingerich (1999) and Mead and Fordyce 
(2009) was the high number of labeled 
illustrations those authors included, which 
often serve to communicate morphological 
homology statements more effectively than 
do textual descriptions alone. 

Despite the work of these authors and the 
significance of this bone in mammalian 
phylogenetics, the petrosal remains poorly 
documented for many extant and fossil 
species. Major veterinary atlases (e.g., Getty, 
1975) give the petrosal only brief treatment as 
part of the temporal bone, leaving much of 
its anatomy undescribed and unfigured, even 
for the domestic animals. In particular, no 
atlas exists that documents the comparative 
anatomy of the petrosal for a broad sample 
of ungulate species, including cetaceans. 
Documentation of cladistic characters with 
illustrations makes expansion of published 
morphological phylogenetic analyses much 


more straightforward because more informa¬ 
tion is available on fundamental homology 
statements. Beyond the question of cetacean 
phylogenetics, detailed and broad-based de¬ 
scriptions of the petrosals of extant and 
extinct ungulates also may affect evaluation 
of important questions such as the position 
of the putative fossil ungulate group fZhe- 
lestidae (Eckdale et al., 2004; Wible et al., 
2007), which is known from dentitions and 
petrosals. 

PHYLOGENETIC HYPOTHESIS AND 
TAXONOMIC SCOPE 

Spaulding et al. (2009) recently added new 
data for carnivorans, tcreodonts, and the 
intriguing fossil artiodactylan, f Indohyus 
indirae, to the large combined data analysis 
of O’Leary and Gatesy (2008). Important 
new cranial data for f Indohyus indirae was 
described almost simultaneously with the 
publication of the large, integrative analysis 
of molecules and morphology of O’Leary 
and Gatesy (2007). Spaulding et al.’s (2009) 
expanded study was important for examining 
how the new fossil f Indohyus indirae affected 
tree topology, including the positions of 
other fossils, such as fmesonychians. Only 
observations made in Thewissen et al. (2007) 
were permitted to be scored in Spaulding et 
al. (2009), and no illustration of the Indohyus 
basicranium could be included here, because 
the specimen is still under study (J.G.M. 
Thewissen, personal commun.). I provide a 
brief summary of the results of Spaulding et 
al. (2009), which form a framework for 
interpretation of the evolutionary history of 
the petrosal in artiodactylans in this paper. 
Character states described herein are as 
scored and optimized from the analysis of 
Spaulding et al. (2009). 

Spaulding et al. (2009) analyzed 47,248 
characters (46,587 molecular and 661 pheno¬ 
typic) for 81 taxa (33 extant, 48 extinct), 
including artiodactylans and outgroups. The 
phenotypic partition drew on osteological 
data from the skull and postcranial regions, 
dental data, as well as soft tissues and 
behavior. These data were integrated with 
data from molecular sequences and transpo- 
sons for combined data parsimony analysis 
(details in Spaulding et al., 2009). The strict 
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consensus of the 20 most parsimonious trees 
from global parsimony analysis of the 
combined molecular and phenotypic data is 
shown in figure 1. 

Crown Cetacea (the least inclusive clade 
that includes Tursiops truncatus and Balaena 
mysticetus ) is monophyletic with respect to a 
number of extinct cetaceamorphans, such as 
fprotocetids, fpakicetids, and f Ambulocetus. 
This is not a surprising result because these 
fossil taxa have long been considered to be 
outside of crown Cetacea. The delphinid + 
monodontid clade is the sister taxon of the 
two river dolphins (Juki geoffrensis and 
Pontoporia blainvillei). This entire clade is 
the sister to Ziphiidae; Physeteridae is the 
most basal odontocete clade, and odonto- 
cetes and mysticetes are sister taxa. t Basilo- 
saurits and f Dorudon form successive out¬ 
groups to crown Cetacea, and f Basilosauridae 
is not monophyletic in the strict consensus. The 
two most basal taxa on the stem to Cetacea are 
t Indohyus and a clade that includes both 
t Diacodexis species and f Helohyus. 

As found by many molecule-based studies 
(see review in O’Leary and Gatesy, 2008), the 
extant sister taxon of Cetacea is a clade that 
contains the two extant hippopotamid species 
and the poorly known fanthracothere spe¬ 
cies, fMervcopotamus dissimilis. The stem to 
the common ancestor of hippopotamids and 
cetaceans is a taxonomically heterogeneous 
clade of extinct terrestrial artiodactylans, 
including fentelodonts, a fhelohyid, and a 
ftriisodontine arctocyonid (the poorly 
known f Andrewsarchus mongoliensis). Cetan- 
codonta is the clade comprised of the 
common ancestor of Cetacea and Hippopo- 
tamidae and all of its descendants. 

Regarding the basal relationships of the 
other major extant clades of Artiodactyla 
(i.e., Ruminantia, Suina, and Camelidae), the 
strict consensus is unresolved. However, as 
reported by Spaulding et al. (2009) in more 
detail, examination of the underlying 20 most 
parsimonious trees indicates that each sup¬ 
ports Ruminantia as the extant sister taxon 
of hippopotamids + cetaceans, followed by 
Suines, and that Camelidae is the most basal 
extant clade within Artiodactlya. In other 
words, instability in the topologies is caused 
by the unstable placement of certain fossils, 
not instability in the positions of extant taxa. 


Within Ruminantia, Cervidae and Bovidae 
are each monophyletic. However, in contrast 
to O’Leary and Gatesy (2008), Moschus is the 
extant sister taxon of Bovidae; sequentially 
down the tree are Giraffidae, followed by 
Antilocapra americana , and finally Tragulus 
as the most basal ruminant. Interestingly, 
three fanthracothere taxa (f Libycosaurus, 

■ fE/omeryx , and f Bothriogenys) are extinct 
stem taxa to crown Ruminantia. 

The sister taxon of Suina is the extinct 
suiform fXenohyus, with the fossil tayassuid, 
• \Perchoerus , one node lower. Camelidae is 
associated with four fossil stem taxa, f Poeb- 
rotherium, f Caino therium, f Agriochoerus , 
and t Merycoidodon. Finally, three fossil taxa 
(f Gobiohyus, f Microbunodon, and k Antin'a- 
cokeryx) have a very unstable placement 
within Artiodactyla. 

Crown perissodactylans form a clade that 
is the extant sister taxon to a monophyletic 
Artiodactyla. f Hyracotherium, a fossil equid, 
falls basal to the extant perissodactylans. 
f Hyopsodus, '\Protungulatum , fPhenacodus, 
and f Eoconodon are stem taxa to the clade 
that includes Perissodactyla + Artiodactyla. 

In the shortest trees fMesonychia falls 
outside the clade that includes Artiodactyla + 
Perissodactyla; however, in trees only two 
steps longer, fMesonychia is the sister taxon 
of Cetacea, and thus it is highly nested within 
Cetartiodactyla. 

Petrosal Dataset 

Spaulding et al. (2009) included in their 
analysis some data on the petrosal for most 
taxa scored. Thirty-five of these taxa (table 1) 
are figured and discussed herein. They were 
chosen because they represent exemplars of 
the range of morphological variation in the 
artiodactylan clade and outgroups. The 
sample includes seven extant and one extinct 
member of Ruminantia. Among the extant 
members are one member of Tragulina and 
six members of Pecora (one antilocaprid, two 
cervids, two bovids, and one giraffid). I also 
include descriptions of three members of 
Camelidomorpha (two extant and one ex¬ 
tinct), and one extinct fprotoceratid. From 
Suina, the sample includes four extant suids 
and one extant tayassuid. From Cetanco- 
donta, both extant hippopotamid species are 
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Delphinidae 
Monodontidae 
Inia geoffrensis 
Pontoporia blainvillei 
Ziphiidae 
Physeteridae 
Mysticeti 
Basilosaurus 
Dorudon atrox 
Artiocetus clavis 
Rodhocetus balochistanensis 
Pakicetidae 
Ambulocetus natans 
Indohyus indirae 
Diacodexis pakistanensis 
Diacodexis cf. metsiacus 

Helohyus plicodon _ 

Hippopotamus amphibius 

Choeropsis liberiensis _| 

Merycopotamus dissimilis 
Archaeotherium 
Brachyhyops wyomingensis 
Achaenodon uintensis 
Andrewsarchus mongoliensis 

Siamotherium krabiense _ 

60s taurus 
Ovis 

Moschus 
Leptomeryx 
Odocoileus 
Census 
Giraffidae 

Antilocapra americana _ 
Tragulus 

Libycosaurus petrocchii 
Protoceras celer 
Elomeryx 
Bothriogenys 
Babyrousa babyrussa 
Hylochoerus meinertzhageni 
Potamochoerus porous 
Sus scrota 
Tayassu tajacu 
Xenohyus venitor 
Perchoerus 
Camelus 
Lama 

Poebrotherium 
Cainotherium 
Agriochoerus 
Merycoidodon culbertsoni 
Gobiohyus orientalis 
Microbunodon minimum 
Anthracokeryx utnifer 
Rhinocerotidae 
Tapirus 
Equus 

Hyracotherium 
Hyopsodus 
Protungulatum 
Phenacodus 
Eoconodon heilprinianus 
Pachyaena ossifraga 
Harpagolestes orientalis 
Dissacus praenuntius 
Sinonyx jiashanensis 
Mesonyx obtusidens 
Dissacus zanabazari 
Harpagolestes uintensis 
Hapalodectes hetangensis _ 
Ailurus fulgens ' 

Cam's 

Nandinia binotata 
Felis 

Vulpavus profectus 
Hyaenodon 
Patriofelis 
Thinocyon 
Proviverra 
Erinaceus 
Orycteropus afer 


Cetacea 



Hippopotamidae 




Ruminantia 


% 


— Suina 


Camelidae 




□ 


Perissodactyla 


7n» 


t Mesonychia 


Carnivora 

_ m 

t Creodonta 

_I < 0 % 


Sf 




Fig. 1. Strict consensus of 20 most parsimonious trees from the combined data analysis of molecular 
and phenotypic data of Spaulding et al. (2009). Gray taxa are extant; black taxa are extinct. Crown clades 
and two wholly extinct clades are indicated with brackets. 
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illustrated. The sample of extinct taxa con¬ 
sists of one t an thracotheriid, one fentelo- 
dontid, and one foreodontid. The nine 
cetaceans sampled for illustration include 
one extant mysticete, five extant odontocetes, 
and three extinct cetaceamorphans. Also 
illustrated are two fmesonychids. 

Taxa included in the phylogenetic analysis 
and scored for petrosal information but not 
figured herein are the artiodactylans f Diaco- 
dexis sp., f Dicicodexis pakistanensis, f Hapa- 
lodectes, f Gobiohyus, t Helohyus, f Bothrio- 
genys, "fAgriochoerus , f Indohyus, Moschus , 
and f Perchoerus; the cetacean Pontoporia 
blainvillev, the fmesonychids f Dissacus zana- 
bazari and tHarpagolestes uintensis ; the 
“fcondylarths” ■ \Eoconodon, ~\Phenacodus, 
and f Hyopsodus; and the perissodactylans 
Dicerorhinus and f Hyracotlierium. 

Institutional abbreviations: AMNH, 
American Museum of Natural History (-VP, 
Department of Vertebrate Paleontology, -M, 
Department of Mammalogy), New York; 
GSP-UM, Geological Survey of Pakistan- 
University of Michigan, Ann Arbor; HGSP, 
Howard University-Geological Survey of 
Pakistan; IVPP, Institute of Vertebrate Pa¬ 
leontology and Paleoanthropology, Beijing; 
PSS-MAE, Paleontological and Stratigraphy 
Section (Geological Institute) Mongolian 
Academy of Sciences-American Museum of 
Natural History Expeditions, Ulaan Bataar; 
SB, Stony Brook University, Department of 
Anatomical Sciences, comparative collection. 
Stony Brook, NY; UCM-VZ, University of 
California Museum of Vertebrate Zoology, 
Berkeley; UCR, University of California, 
Riverside; UM, University of Michigan, 
Museum of Paleontology, Ann Arbor; and 
USNM, United States National Museum, 
Smithsonian Institution (-VP, Department of 
Vertebrate Paleontology, -M, Department of 
Mammalogy), Washington, DC. 

COMPARATIVE MORPHOLOGY 

This paper is organized into three major 
sections: (1) a description of the terminology 
of the petrosal, (2) detailed descriptions of 
petrosal anatomy by taxon accompanied by 
figures with labeled cladistic characters and 
character states, and (3) a discussion, based 
on optimization on the tree of Spaulding et 


al. (2009), of the variation in the taxon 
sample of each cladistic character, with 
comparisons to prior work. The first section 
on terminology is not accompanied by a 
figure because osteological terms on the 
petrosal (table 2) are amply figured in sub¬ 
sequent illustrations and photographs in the 
descriptive sections on individual taxa. 
Whenever possible I have tried to provide 
topological descriptions for structures. In the 
second section I describe each species in an 
equally detailed fashion, following the format 
of prior published descriptions of petrosal 
anatomy (e.g., Wible et ah, 1995; Ekdale et 
al., 2004) to provide a stand-alone anatomi¬ 
cal reference for each species. Cladistic 
character states (table 3) are also labeled on 
figures, even when the state is “absent,” to 
provide a uniform and unambiguous basis of 
comparison of the range of morphological 
variation. Almost all comparative statements 
have been excluded from the second section 
and are incorporated instead into the “Char¬ 
acter Descriptions and Character State Opti¬ 
mizations” section. 

Review of Soft Tissues Associated with 
the Petrosal 

Several soft tissue structures may be 
associated with the surface anatomy of the 
petrosal, including the internal carotid artery 
and its branches, several veins (the inferior 
petrosal sinus and the internal jugular vein), 
nerves (cranial nerves VII and VIII, the 
tympanic nerve [part of cranial nerve IX], 
and the internal carotid nerve), part of the 
paraflocculus of the cerebellum, and two 
muscles (the tensor tympani and the stape¬ 
dius). My contribution describes original 
research on the osteology of the petrosal 
only, not its associated soft tissue structures, 
which are also very much in need of 
dissection and description for many of the 
extant taxa under study here. As noted by 
Mead and Fordyce (2009), many extant 
mammals have received relatively little de¬ 
tailed descriptive treatment compared to 
humans, and artiodactylans are no exception. 
In this section I review the literature on soft 
tissues associated with the surface anatomy 
of the petrosal as a framework for inter¬ 
pretation of the osteology. Osteological terms 
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TABLE 2 

Alphabetical list of anatomical terms used 

Source is Giannini et al. (2006) unless otherwise 
specified; synonyms are noted in some cases. 
Terminology generally follows the Nomina Anatomica 
Veterinaria as applied by Giannini et al. (2006) and 
Wible (2003), who listed standardized cranial 
anatomical terms in English for many Latin 
Nomina Anatomica Veterinaria (NAV) terms and 
synonymized many terms. 


Term 

Sources Other Than 
Giannini et al. (2006) 

Apex parties petrosa 

Evans and 

Auditory tube 

Basicapsular fissure 

Christensen (1979) 

Luo and Gingerich 

Basicapsular groove 

(1999) 

Presley (1979) 

Basioccipital 

Caudal tympanic process of 
petrosal 

Cochlea 

NAV 

Cochlear aqueduct 

Sisson (1911) 

Crista interfenestralis 

Wible et al. 1995 

Crista parotica 

Crista petrosa 

Wible et al. (1995) 

Crista transversa 

Deep petrosal nerve 

Nervus petrosus 

Ectotympanic 

Anterior crus 

profundus (NAV) 

Luo and Gingerich 

Posterior crus 

(1999) 

Luo and Gingerich 

Endolymphatic duct 
Entotympanic 

Epitympanic recess 

Epitympanic wing 

(1999) 

MacPhee (1981) 

External acoustic meatus 

Facial canal 

Facial nerve 

Facial sulcus 

Fenestra cochleae 

Fenestra vestibuli 

Foramen acusticum inferius 
Foramen acusticum superius 
Foramen singulare 

Fossa for the head of the malleus 

Luo and Gingerich 

Fossa for stapedius muscle 

Fossa for the tensor tympani 
muscle 

Fossa incudis 

Greater petrosal nerve 

Hiatus Fallopii 

Inferior (= ventral) petrosal sinus 
Internal acoustic meatus 

(1999) 


TABLE 2 
( Continued) 


Term 

Sources Other Than 
Giannini et al. (2006) 

Internal carotid artery 

Internal carotid nerve 

Internal carotid plexus 

Internal jugular vein 

Jugular foramen 

Jugular incisure 

Mastoid plate 

New term 

Mastoid region 

McDowell (1958), 

Middle cranial fossa 

MacPhee (1981) 
Sisson (1911) 

Neck of the stapes 

Sisson (1911) 

Paracondylar process of 
exoccipital 

Paraflocculus of the cerebellum 

NAV; Voogd et al. 

Paroccipital process of the petrosal 
Perilymphatic duct 

Petromastoid canal 

(1998), Larsell (1970) 

Gannon et al. (1988) 

Petrosal 

Pars canalicularis 

Pars cochlearis 

Petrosal lobule of the cerebellum 

Voogd et al. (1998), 

Petrosquamous vein 

Larsell (1970) 

Luo and Gingerich 

Porus acusticus internus 

Posterior bullar facet 

(1999) 

Mead and Fordyce 

Posterior carotid foramen 

(2009) 

Wible (1984) 

Posterior cranial fossa 

Sisson (1911) 

Posteromedial flange 

New term 

Prefacial commissure 

Prefacial commissure fossa 

New term (= 

Processus durante 

suprameatal fossa 
of Luo and 
Gingerich, 1999) 
MacIntyre (1972) 

Processus muscularis 

NAV 

Promontorium 

Prootic canal 

Wible (1990) 

Ramus superior of the stapedial 
artery 

Rete mirabile epidurale rostrale 

NAV 

Rostral tympanic process 

MacPhee (1981) 

Secondary facial foramen 
Semicircular canals 

NAV 

Spiral tract of minute foramina 
Stapedial artery 

Stapedial foramen 

Rose and Entry (1993) 

Stapedius muscle 

Stylomastoid foramen 

NAV, foramen 


stylomastoideum 
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TABLE 2 

( Continued ) 


Term 

Sources Other Than 
Giannini et al. (2006) 

Stylomastoid notch 

Subarcuate fossa 

Sulcus for stapedial artery 

Novacek (1986) 

Tegmen tympani 

Anterior process 

Luo and Gingerich 

Tensor tympani muscle 

Tractus spiralis foraminosus 
Transpromontorial sulcus 

(1999) 

Wible (1986) 

Tympanic bulla 

NAV, bulla tympanica 

Tympanic nerve 

NAV, nervus 

Tympanic plexus 

tympanicus; 
Jacobsen’s nerve 
(Wilkie, 1936) 

NAV, plexus 

Tympanohyal 

tympanicus 

Wible (2003) 

Vascular groove 

Luo and Gingerich 

Ventrolateral tuberosity 

(1999) 

Luo and Gingerich 

Vestibular aqueduct 

(1999) 


mentioned in these sections are discussed in 
detail below. 

Cranial nerves (VII, VIII, IX): Cranial 
nerves VII and VIII both leave the brain to 
enter the petrosal relatively directly (Sisson, 
1911). Cranial nerve VII, the facial nerve, 
originates from the medulla at a position 
near the posterior edge of the pons. It runs 
laterally toward the dorsomedial surface of 
the petrosal to the internal acoustic meatus 
(fig. 2). There it pierces the foramen acusti- 
cum superius of the petrosal and enters the 
facial canal to emerge onto the ventrolateral 
surface of the petrosal by way of the 
secondary facial foramen. The facial nerve 
also gives rise to the several small branches 
within the facial canal or within the tympanic 
cavity: the greater petrosal nerve, the stape¬ 
dial nerve, and the chorda tympani. The 
greater petrosal nerve often arises within the 
facial canal and travels anteriorly through the 
petrosal to exit at the hiatus Fallopii (e.g., in 
noncetacean artiodactylans). Mead and For- 
dyce (2009; see also Fordyce, 1994) discussed 
that such a pathway may or may not be 
present in odontocetes, that the pathway can 


vary even within a species, and that the 
relationship of this nerve to the petrosal is in 
need of confirmation by dissections in a 
variety of cetaceans. In several cetaceans, 
including Tursiops, and inferred for the 
extinct species | Waipatia and f Herpetoceus, 
the greater petrosal nerve never passes 
through the petrosal anteriorly, and instead 
either branches from the facial nerve before 
the facial nerve enters the facial canal, or 
leaves the internal acoustic meatus via a 
channel, an “anterior fissure” (Geisler and 
Luo, 1996: 1056), on the cerebellar surface of 
the petrosal. 

Cranial nerve VIII, the vestibulocochlear 
nerve, also originates from the medulla and 
upon entering the internal acoustic meatus 
sends one contribution, the vestibular nerve, 
destined for the semicircular canals, to the 
foramen acusticum superius, and separate 
contributions, the cochlear nerve and part of 
the vestibular nerve, to the foramen acusticum 
inferius. The cochlear nerve passes through a 
perforated platelike structure within the 
internal acoustic meatus called the tractus 
spiralis foraminosus. 

The tympanic branch (Jacobsen’s nerve) of 
cranial nerve IX, the glossopharyngeal nerve, 
also crosses the promontorium of the petro¬ 
sal (Gray, 1901). In Homo sapiens, the 
tympanic nerve branches from the inferior 
ganglion of the glossopharyngeal nerve, 
before the main nerve leaves the jugular 
foramen. The tympanic nerve then enters the 
tympanic cavity via the inferior tympanic 
canaliculus. On the promontorium the tym¬ 
panic nerve is joined by branches of the 
internal carotid plexus (see below) to form 
the tympanic plexus supplying the mucous 
membrane of the tympanic cavity (Sisson, 
1911). The tympanic branch of cranial nerve 
IX carries parasympathetic fibers, which also 
give rise to the lesser petrosal nerve that 
innervates the parotid gland (Wilson-Pauwels 
et al., 1988). Wilkie (1936: 990) reported that 
the tympanic nerve leaves sulci on the 
promontorium in Bos taurus. Wilkie’s (1936: 
fig. 4) illustration of the impression made by 
the tympanic nerve shows two sulci that 
intersect anterior to the fenestra cochleae and 
continue toward the fossa for the tensor 
tympani. I have not observed this particular 
pattern of sulci on the petrosals in the sample 
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examined herein, including one of Bos taurus 
(although Antilocapra seems to come the 
closest to having this pattern). Differences 
distinguishing sulci from the tympanic plexus 
and those from the internal carotid plexus 
and artery, however, need more examination 
and description of corresponding osteological 
correlates based directly on dissection. 

Internal carotid artery, nerve, and 
plexus: These structures are described to¬ 
gether because of their close relationship. The 
internal carotid artery of mammals, when 
present, is an important source of blood to 
the brain. It may enter the skull by traveling 
through the tympanic cavity on the ventral 
surface of the promontorium (transpromon- 
torial), by remaining outside the tympanic 
region (extrabullar), or by traveling in the 
wall of the tympanic bulla (perbullar; Wible, 
1986). If this artery travels through the 
tympanic cavity, it may give rise to a 
stapedial artery (also called the proximal 
stapedial artery [Wible, 1987]), which sup¬ 
plies blood to various orbital and mandibular 
structures in the head (Wible, 1987). The 
transpromontorial type of internal carotid 
artery enters the tympanic cavity via the 
posterior carotid foramen and eventually 
enters the skull through the carotid foramen 
(Wible, 1984). 

In the adult extant terrestrial artiodacty- 
lan, the internal carotid artery is typically 
absent or is merely an occluded remnant of 
an artery once present early in ontogeny. 
Absence of the internal carotid artery as a 
significant functional source of blood to the 
brain in the adult has been documented in 
several ruminants: Ovis (Boulay and Verity, 
1953; Baldwin and Bell, 1963; Gillilan, 1974; 
Dyce et al., 2002), Bubalus (Bamel et al., 
1975), Bos (Wilkie, 1936; Baldwin and Bell, 
1963; Gillilan, 1974; Dyce et al., 2002), Dcimci 
(Boulay and Verity, 1953), Cervus (Boulay 
and Verity, 1953 [although they note pres¬ 
ence of the artery in a young adult]), Giraffa 
(Lawrence and Rewell, 1948; Boulay and 
Verity, 1953), Tragelaphus (Boulay and Ver¬ 
ity, 1953), Bison (Boulay and Verity, 1953), 
Boselaphus (Boulay and Verity, 1953), Aepy- 
ceros (Boulay and Verity, 1953), Gazella 
(Boulay and Verity, 1953), and Capra (Boulay 
and Verity, 1953; Dyce et al., 2002). There is 
one report for the ruminant Tragulus (Tand- 


ler, 1901) that the internal carotid artery was 
patent and functional in adults; however, 
Webb and Taylor (1980: tabic 1) stated that 
no arteries enter the middle ear of this taxon. 

The absence of this artery has also been 
reported in the hippopotamid Hippopotamus 
(Boulay and Verity, 1953) and the suid Sus 
(Boulay and Verity, 1953; McClure and 
Dellmann, 1965; Gillilan, 1974). Regarding 
Sus, in particular, Schummer et al. (1981: 
101-102) described the internal carotid artery 
in the pig as “stout,” relative to that of horses 
and carnivores. However, McClure and 
Dellmann (1965; see also Boulay and Verity, 
1953; Daniel, 1953; Tandler 1906; Wible, 
1984) argued that the structure often called 
an internal carotid artery in Sus (e.g., Nickel 
and Schwarz, 1963) is not the developmental 
homologue of the internal carotid artery in 
other mammals, and that the actual internal 
carotid artery is merely a small, insignificant 
remnant in adult Sus. In a description of the 
anatomy of the suid Babyrussa , Davis (1909) 
stated that the internal carotid artery is 
present but provided no description of its 
course superior to its origin. Finally, in the 
last major group of terrestrial artiodactylans, 
camelids, the artery, although present, has 
been reported to be small and insignificant 
(Tandler, 1899; Boulay and Verity, 1953; see 
also Lesbre, 1903; Tayeb, 1951). Smuts and 
Bezuidenhout (1987: 145-146) and Tayeb 
(1951: 149), however, described this artery 
as contributing to the rete mirabile epidurale 
rostrale and as being of relatively substantial 
size. 

As for other taxa studied herein, in extant 
cetaceans the internal carotid arteries are 
highly reduced or absent such that no 
significant arteries cross the promontorium 
of the petrosal (Boenninghaus, 1904; Slijper, 
1936; Walmsley, 1938; Boulay and Verity, 
1973; Vogl and Fisher, 1981; Wible, 1984, 
1986). In extant perissodactylans, this artery 
is shown to be a substantial structure in the 
neck (Dyce et al. [2002] for Equus ). Wible 
(1986) described the artery as being extra¬ 
bullar in the ear region. 

As shown by Novacek (1986: fig. 26) and 
Wible (1986: fig. lb; 1987: fig. 1A), a 
transpromontorially positioned internal ca¬ 
rotid artery typically takes an L-shaped bend 
just anterior to the fenestra cochleae, at 
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TABLE 3 

Matrix of petrosal characters from Spaulding et al. (2009) 

Characters and character states are named in the character description section of the paper. Species 
exemplars scored for petrosal data are listed as “terminal taxa” (OTUs in Spaulding et al. [2009] are higher 
taxa in some cases). See also figure 1 and table 1. 


Terminal Taxon 


Scores for Petrosal Characters 



10 

20 

30 

40 

Orycteropus afer 

11????001 

1 

0007001101 

07771007707 

00 

Bos taurus 

101001001 

1101100700 

0110111101 

00101010210 

11 

Ovis aries 

101000001 

1101100701 

1711111101 

00101011110 

11 

Odocoileus virginianus 

101000001 

1101101101 

1711111101 

00101111010 

11 

Cervus elaphus 

101000001 

1101171101 

1011111101 

00101010110 

11 

Giraffa Camelopardalis 

101000001 

1101001100 

0111111101 

00101110110 

11 

Antilocapra americana 

101000001 

1101101100 

0011111101 

00101110110 

11 

Moschus moschiferus 

101000001 

1101101700 

0710111101 

00001170110 

11 

Tragulus 

100700001 

1101100700 

1710001101 

01701111010 

11 

Tursiops truncatus 

117017011 

0110011010 

1711120011 

01700110111 

10 

Monodon monoceros 

017017011 

0110111010 

1711120011 

01700110111 

00 

Inia geoffrensis 

117017011 

0110111017 

1711020010 

01700110211 

00 

Pontoporia blainvillei 

117017011 

111011071? 

171112001? 

01700110111 

11 

Kogia breviceps 

117017011 

0110011017 

1711120010 

01700011011 

01 

Ziphius cavirostris 

117017011 

0110011017 

1711120010 

00100111011 

10 

Balaenoptera acutorostrata 

017017011 

011011071? 

1711120010 

01700011211 

00 

Hippopotamus amphibius 

117101111 

0101001101 

0111001101 

00001110211 

11 

Choeropsis liberiensis 

117101111 

0101001000 

1710001101 

00001110010 

11 

Sus scrofa 

101101001 

1100100701 

1710001101 

10111111010 

11 

Babyrousa babyrussa 

100101001 

1101101001 

0011001101 

10001111010 

11 

Potamochoerus porcus 

101101001 

1100100701 

1710001101 

10101111010 

11 

Hylochoerus meinertzhageni 

101100001 

1101101101 

0010001101 

10111777710 

11 

Tayassu tajacu 

101000001 

1101101101 

0010001107 

10101111010 

11 

Camelus dromedarius 

101100001 

1101101000 

1711111101 

0010100770? 

00 

Lama glama 

10077707? 

-p -p -p -p 9 -p ”P -p -? 9 

777711177? 

07707777777 

-p -p 

Dicerorhinus sumatrensis 

”P *P ”P *P ? 7> ? *P ? 

-p -p -p -p 9 -p ”P -p -? *p 

777771177? 

•P ”P ? ?-P -P -P 9 -P -P -P 

-p -p 

Tapirus terrestris 

101000001 

1101100701 

1710111101 

00101111117 

11 

Equus caballus 

101000001 

1110101001 

1711111101 

00107111111 

11 

Ailurus fulgens 

100000000 

7077700701 

1010101000 

01701011110 

11 

Canis latrans 

000000000 

70? 7100701 

1010101000 

00101001110 

01 

Nandinia binotata 

100077000 

7077700701 

1011100000 

07701001010 

10 

Felis silvestris 

100100000 

70? 7100701 

1011001100 

00111107710 

11 

Erinaceus europaeus 

100000000 

70? 7100701 

0001100001 

00101011007 

01 

Hyopsodus 

100000001 

1101107700 

7070001000 

0070177777? 

? ? 

Hyracotherium 

77777707? 




-p -p 

Artiocetus clavis 





-p -p 

Rodhocetus balochistanensis 

■p 7 ”P *P ? 7> ? 7 ? 




-p -p 

Dorudon atrox 

017017111 

011701101? 

1711120011 

01700710110 

00 

Basilosaurus 

017717111 

0110011017 

1711110011 

01707717717 

70 

Pachyaena ossifraga 





-p -p 

S inonyx jiashanensis 



'P'P'P'PI 'P'P'P'P'P 


-p -p 

Mesonyx obtusidens 

101077111 

010100070? 

0001110001 

001711????? 

1? 

Dissacus praenuntius 

101177111 

1177001000 

1717111101 

00171?????? 

? ? 

Dissacus zanabazari 

Z> Z> Z> Z> Z> Z> Z> 1> 

7101107700 

7777111701 

PPPPPPPPPPP 

•p -p 

Harpagolestes orientalis 

1 -p'P'P'P'PI -p-p 


? *P ? *P *P ? ? *P *P ”P 

-P ”P-P ?-P -P-P 9-P ”P-P 

-p -p 

Harpagolestes uintensis 


PPPPPPPPQ1 

'P'P'P'PI -P'P'P'P'P 


11 

Hapalodectes hetangensis 

”P 7 ”P -p ? 7> -p *P -? 

7101707777 

0007117001 


-p -p 

Helohyus plicodon 


710? 7 7 7 700 

0001111101 

007???????? 

-p -p 

Pakicetidae 

71777711? 

7177707700 

1711121101 

01707077110 

1? 
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TABLE 3 
( Continued ) 


Terminal Taxon 


Scores for Petrosal Characters 



10 

20 

30 

40 

Ambulocetus natans 





"p ? 

Gobiohyus orientalis 

????????? 

?1??????01 

1?10?11?01 

00?0??????? 

? ? 

Leptomeryx 

100000001 

1101001100 

1710111101 

00101111010 

11 

Poebro therium 

1000??001 

1101101000 

1710001101 

01?0100??10 

11 

Agriochoerus 

1???00?11 

11???01001 

001???1101 

?0?011???0? 

11 

Merycoidodon sp. 

101100001 

1101100701 

1711111101 

0010111101? 

11 

Diacodexis pakistanensis 

? ? -p ? 7> ? *p -p 

-p 7 ? ”P ? -p 

001?1???0? 

00???????0? 

? ? 

Diacodexis northamerican 


PPPPPOPPOD 

000?10??01 

001???????? 

"p 'p 

Perchoerus 

100000001 

1101101001 

1??0001101 

?0?01?????? 

11 

A rchaeo therium 

101001001 

1101100701 

1?111?1101 

?01?1111011 

11 

Elomeryx 

1010010011 

1011010010 

1100011010 

0101111010 

11 

Microbunodon minimum 

? ? -p ? 7> ? 7 -p "P 

-p ”P-p ? ? ”P ? 7> 

*p-p ? ? ? ”P *P *P 7> 

ppppppppp? 

? ? 

Merycopotamus dissimilis 



*P "P *P 7> ? 'P ? 

77777PP7P7 

? ? 

Xenohyus venitor 



"P -p -p -p ? ? -p *p 7> 

ppppppppp? 

? ? 

Anthracokeryx ulnifer 



*p *p ? ? ? ? *P ? 7> 

PPP7PP7PP? 

? ? 

Libycosaurus petrocchii 

? ? -p ? 7> ? 9 -p "P 


? 7> ? ? ? ? *P ? 7> 

? "P ? *P-p ? -p *P ”P 

? ? 

Bothriogenys 

1???011110 

1 

???00110?0 

00???????? 

? ? 

Siamotherium krabiense 

-p ”P *p 7> ? *p-p "P 


? *p ? ? ? ”P *P ? 7> 

7> ? *P 7> *P ”P 

? ? 

Cainotherium 

1000??0??? 

10010??0?1 

?0?1???0?? 

0????1??0? 

1? 

Phenacodus 

????0???11 

10??0??0?1 

'P'PI 1 1 '?'?n r ? r ? 

tj-poi -P'P'P'P'P'P 

"P *? 

Protungulatum 

100000000? 

0??10101?0 

0000110000 

0101?????? 

? ? 

Brachyhyops wyomingensis 

ppppppppp? 


*P "P *P 7> -p *P 

777777PP77 

? ? 

Achaenodon uintensis 

? ? -p ? -p ? *p -p 


? -p -p -p ? -p ? -p 

? *P ? *P *P ? ”P 

? ? 

Andrewsarchus mongoliensis 



-p ? *p ? *p 7> -P -p *p ? 

P7777PP7P7 

? ? 

Eoconodon heilprinianus 


1 

'P'P'P'PI PP71 *P 


? ? 

Protoceras celer 

1001000011 

1011010010 

0101111010 

010100??0? 

00 

Indohyus indirae 

?1????1?10 

?-p-p *p'p ? ”P-p ? 1 

^-p? 1 'P'P'P'P'P'P 

?-p ? *P-p ? -p *P ”P 

? ? 

Vulpavus profectus 

???????00? 

0???00?010 

0011000000 

??0?0??0?0 

? ? 

Thinocyon 

???????00? 

0???00?000 

0011000000 

??0????0?0 

? ? 

Hyaenodon 

???????00? 

0???00?000 

1711000000 

??0??11010 

11 

Patriofelis 

???????00? 

0???00?000 

0001000100 

??0??????0 

? ? 

Proviverra 

???????00? 

0???10?000 

0011000000 

??0??????0 

? ? 


which point it may give off a stapedial artery. 
The stapedial artery typically travels through 
the stapedial foramen (Rose and Emry, 1993) 
in the stapes to branch laterally. Wible (1984; 
see also Tandler, 1899, 1901; Wilkie, 1936; 
Daniel et al., 1953) stated that the stapedial 
artery is also typically absent in adult 
artiodactylans, although there is some evi¬ 
dence that it exists in early stages of ontogeny 
in a few taxa that have been studied. Wible 
(1987: table 2) stated, however, that some 
artiodactylans do have a stapedial artery. It 
appears that this conclusion is not based on 
the discovery of this artery in any extant 
artiodactylan, but instead it is based on the 
presence of a groove in fossil taxa where this 
artery is typically positioned (Dechaseaux, 


1974; Webb and Taylor, 1980: 129, 134-135; 
Coombs and Coombs, 1982). Regarding 
other groups studied herein, Wible (1987) 
reported that tubulidentates have a stapedial 
artery but that this structure is absent in 
cetaceans and perissodactylans. 

Internal carotid plexus: The cranial 
cervical sympathetic ganglion gives rise to 
two to three internal carotid nerves carrying 
postganglionic sympathetic innervation to 
cranial structures. These nerves wrap around 
the internal carotid artery (or remnant of the 
artery), and if the artery is transpromontorial 
in position, the internal carotid plexus 
traverses the tympanic cavity (Sisson, 1911; 
see also Novacek, 1986: fig. 26, where the 
plexus is illustrated). The internal carotid 






























16 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 335 



dorsolateral dorsomedial 

surface surface 


internal 

acoustic 

meatus 


tegmen 

tympani 


edge marks border 
between middle 
and posterior 
cranial fossae 



bulla 


mastoid 
region of petrosal, 
occipital 
exposure 


paracondylar 
process of the 
exoccipital 




E 


dorsolateral 

(squamosal) 



ventromedial 


Fig. 2. Petrosals in situ in several artiodactylans. A. Dorsal view of skull of Antilocapra americana with 
posterior part of calvarium removed to illustrate the in situ orientation of the petrosal (right and left 
petrosals in situ; left petrosal outlined with dashes). The surface with the internal acoustic meatus is 
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plexus ultimately gives rise to the deep 
petrosal nerve (Getty, 1975: 1379). 

Sulci in fossil species: The internal 
carotid artery and plexus and the stapedial 
artery may or may not leave a sulcus or sulci 
on the ventral petrosal (Wible, 1986: 317; 
Conroy and Wible, 1978). If present, the 
transpromontorial sulcus often first trends 
from posteromedial on the promontorium to 
anterolateral and then bends anteromedially 
just anterior to the fenestra cochleae (Wible, 
1986: fig. lb; note also that the transpro¬ 
montorial sulcus is mislabeled as the “stape¬ 
dial groove” in Wible et al., 2001: fig. ID). 
Given that the internal carotid artery is 
generally absent (or only an ontogenetic 
remnant) in extant artiodactylans but that 
transpromontorial sulci are occasionally 
present (see below), these sulci in extant 
artiodactylans may have been made by the 
internal carotid plexus alone. In fossil taxa, 
however, it may not always be clear from the 
sulcus alone whether it was made by the 
artery, the nerves, or both. 

Previously for artiodactylans, Wible (1984: 
271) stated that “an internal-carotid groove 
is absent from all extant artiodactyls, except 
some cervids (Kampen, 1905).” However, I 
have observed in some artiodactylans pro- 
montorial sulci that vary in thickness, some¬ 
times manifesting as low, wide gullies or as 
narrow channels with sharp ridges. I have 
also observed that sulci may appear over only 
part of the course of the neurovascular 
bundle that occupied it. In several cases 
conspicuous sharp sulci appear just anterior 
to the fenestra cochleae, trending somewhat 
mediolaterally. I interpret all of these sulci as 
homologs, having been made by the internal 
carotid soft tissue structures. I do not 
speculate as to whether the soft tissue 


occupants of these sulci consisted of the 
internal carotid plexus alone, the nerve 
accompanied by an occluded artery, or 
perhaps even the plexus accompanied by a 
small but patent artery. This requires further 
dissection-based research. Dissections would 
also be critical for determining whether there 
are osteological correlates (Witmer, 1995) for 
distinguishing a sulcus made by the artery 
versus those made by the plexus. Similarly, if 
present, the sulcus for the stapedial artery is 
topologically located “in the vicinity of the 
fenestra vestibuli” (Wible et al., 2001: 23), 
where it heads to pierce the stapedial foramen 
of the stapes after having branched from the 
internal carotid artery. 

Regarding soft tissue reconstructions, pres¬ 
ence of promontorial sulci has been the basis 
for reconstructing an internal carotid artery 
alone in several extinct artiodactylans studied 
previously (Whitmore, 1953; Webb and 
Taylor, 1980: table 1; Dechaseaux, 1974; 
Coombs and Coombs, 1982; Wible, 1986), 
as well as in fProtunguIatum (MacIntyre, 
1972). Geisler and Luo (1998) reconstructed 
the auditory vasculature for the Eocene fossil 
artiodactylan f Diacodexis sp. and the fme- 
sonychians f Hapalodectes hetangensis and 
f Mesonyx obtusidens, and hypothesized that 
these species had a transpromontorial inter¬ 
nal carotid artery that gave rise to a stapedial 
artery in the vicinity of the fenestra vestibuli. 
These reconstructions should perhaps be 
viewed cautiously until there are clearly identi¬ 
fied correlates for distinguishing sulci made 
by the internal carotid artery versus those made 
by the internal carotid plexus alone. 

Inferior petrosal sinus: A vein that 
leaves an osteological correlate on the 
petrosal is the inferior petrosal sinus, which 
drains blood from the floor of the cranium 


oriented medially, forming part of the lateral wall of the posterior cranial fossa. The surface with the 
tegmen tympani is oriented dorsally, forming part of the floor of the middle cranial fossa. These two sides 
are perpendicular (solid white line); both face endocranially. The side with the internal acoustic meatus has 
traditionally been called “dorsal”; however, this description is inaccurate for the taxa studied here; the 
term dorsomedial is used instead. The side with the tegmen tympani has often been called “lateral”; the 
term dorsolateral is used instead. B. Petrosal and auditory bulla in situ, ventral view (Ovis aries, SB MAR 
30); C. Petrosal in situ with bulla removed, ventral view (Odocoileus virginianus, SB MAR 20); D. Petrosal 
and bulla in situ, posterolateral view (Ovis aries, SB MAR 30); E. Schematic of coronal section through a 
right petrosal (anterior toward front of page) illustrating directional terms. 
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(Smuts and Bezuidenhout, 1987). The infe¬ 
rior petrosal sinus extends from the caver¬ 
nous sinus (via emissary veins [Smuts and 
Bezuidenhout, 1987: fig. 6.2]) to the internal 
jugular vein. En route it travels between the 
lateral edge of the basioccipital bone and the 
ventromedial edge of the pars cochlearis of 
the petrosal, and it typically fills a groove in 
the petrosal (Wible, 1984; Geisler and Luo, 
1998; Luo and Gingerich, 1999) called the 
basicochlear groove (Presley, 1979). The posi¬ 
tion of this groove, and of the sinus itself, 
appear to be somewhat variable depending 
on the width of the basicochlear fissure, such 
that the groove is sometimes on the medial 
edge of the pars cochlearis or is sometimes 
positioned more dorsally. In fossil taxa, 
Geisler and Luo (1998) reconstructed the 
artiodactylan, f Diacodexis sp., the fmesony- 
chians, f Hapalodectes hetangensis and r Me- 
sonyx obtusidens, and a fprotocetid cetacean 
as having an inferior petrosal sinus. 

Internal jugular vein: A major con¬ 
duit for deep venous circulation from the 
head to the neck is the internal jugular vein, 
which starts at the posterior-medial border of 
the petrosal near the junction of the pars 
cochlearis and the pars canalicularis to exit 
the skull by way of the jugular foramen 
(Sisson, 1911). The petrosal contributes to the 
lateral wall of the jugular foramen and may 
have a concavity for the internal jugular vein. 

Tensor tympani and stapedius mus¬ 
cles: Two muscles, the tensor tympani and 
stapedius, which control motion of the ear 
ossicles, may leave depressions on the ven¬ 
trolateral surface of the petrosal (Sisson, 
1911; Getty, 1975). The body of the tensor 
tympani muscle is typically situated antero¬ 
lateral to the promontorium in artiodactylans 
and perissodactylans in a pit of variable size. 
The muscle also may take part of its origin 
from the bony auditory tube. In extant 
cetaceans the muscle does not, however, 
typically leave a pit (Mead and Lordyce, 
2009). The thin tendon of the muscle attaches 
to the muscular process of the malleus and, 
upon contraction, the muscle tightens the 
tympanic membrane by drawing it medially. 
The body of the stapedius muscle sits in a pit 
on the pars canalicularis of the petrosal 
posterior, lateral, or posterolateral to the 
promontorium. Its tendon runs rostrally to 


attach to the neck of the stapes (Sisson, 
1911). It functions to limit movement of the 
stapes in response to sound. 

Cerebellar paraflocculus: The cere¬ 
bellum is divided into a vermis and two 
cerebellar hemispheres, which are each sub¬ 
divided into a number of lobules (Evans and 
Christensen, 1979). Projecting laterally from 
each hemisphere is a paraflocculus with 
dorsal and ventral limbs (Larsell, 1970). In 
canids, glires, and marsupials, part or all of 
the ventral paraflocculus, known as the 
petrosal lobule, is situated in a bony con¬ 
cavity, called the subarcuate fossa, on the 
endocranial surface of the petrosal (Larsell, 
1970; Evans and Christensen, 1979; Yoogd et 
al., 1998). Both the subarcuate fossa and the 
paraflocculus vary in size. Cetaceans have 
relatively large paraflocculi (Voogd et al., 
1998) but lack a subarcuate fossa. 

Terminology and Orientations of 
the Petrosal 

Below I describe the osteological terms 
illustrated in this paper (table 2). I have 
compiled these from a variety of sources, 
including Sisson (1911; and subsequent edi¬ 
tions of that book, primarily Getty [1975]), 
Schaller (1992), Luo and Gingerich (1999), 
Wible (2003), Giannini et al. (2006), Mead 
and Lordyce (2009), and the Nomina Ana- 
tomica Veterinaria (2005). I have focused on 
terms related to cladistic character descrip¬ 
tions in Spaulding et al. (2009). In many cases 
different anatomists have used different 
terms for the same structure. Whenever 
possible I have followed terminology used 
by Wible and co-authors (e.g., Wible, 2003; 
Giannini et al., 2006) and the Nomina 
Anatomica Veterinaria because these papers 
have already standardized terms and homol- 
ogized structures across orders for mamma¬ 
lian cranial terminology. I have also tried to 
supply citations that give clear descriptions of 
anatomical terms used (not necessarily the 
chronologically earliest use of a given term). 
The cetacean literature often has its own 
terms for modified but widely recognized 
mammalian cranial structures; in such cases, 
I have tried to use the more broadly applied 
mammalian term (after consultation with 
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synonymy decisions in Luo and Gingerich 
[1999] and Mead and Fordyce [2009]). 

The petrosal bone (petrous portion of the 
temporal bone, periotic [Mead and Fordyce, 
2009], pars petrosa, or pyramid [Nickel et al., 
1986: 111]) is a bilateral cranial bone that 
houses the organs of hearing (cochlea) and 
balance (vestibular system) of the inner ear 
and forms the superior, medial, and part of 
the lateral aspects of the middle ear cavity. 
The petrosal is exposed in the floor of the 
middle and posterior cranial fossae: its dorsal 
surface contributes to the floor of the middle 
cranial fossa and its medial surface forms the 
lateral wall of the posterior cranial fossa 
(fig. 2). Cranial nerves VII (the facial nerve) 
and VIII (the vestibulocochlear nerve) enter 
it immediately upon emerging from the brain. 
The internal carotid artery, when present, 
also enters the skull from the neck in the 
vicinity of the petrosal, and it may traverse 
the petrosal ventrally on its course to enter 
the skull. Blood draining from the brain may 
leave by way of veins associated with the 
petrosal, namely the superior and inferior 
petrosal sinuses and the internal jugular vein. 

Artiodactylans and relatives encompass a 
range of variation in the degree to which the 
petrosal is integrated into the skull. In some 
cetaceans, such as Tursiops (Mead and 
Fordyce, 2009), the bone may be loosely 
integrated with the rest of the skull, or, 
alternatively, there may be substantial con¬ 
tact with the rest of the skull, in particular, 
with the mastoid region. Terrestrial artiodac¬ 
tylans and other ungulates tend to have a 
petrosal that is more fully integrated with the 
skull, or even fused, with surrounding bones 
such as the exoccipital and the squamosal. 
Figure 2 shows the petrosal in situ from the 
ventral and posterolateral views, indicating 
its close relationship with surrounding bones, 
including the auditory bulla. Mead and 
Fordyce (2009) described the contacts that 
the petrosal makes with surrounding bones in 
Cams in contrast to Tursiops. 

The petrosal consists of two gross divi¬ 
sions: the anteromedial pars cochlearis con¬ 
taining the cochlea (the organ of hearing) 
covered ventrally by the promontorium, and 
the posterolateral pars canalicularis contain¬ 
ing the semicircular canals (the vestibular 
system), an area that varies greatly in size and 


shape within cetartioadactylans and relatives. 
The pars canalicularis is shaped like an “L” 
as it surrounds the lateral and posterior sides 
of the promontorium (Wible et al., 2001: 6). 
Topologically, the pars cochlearis consists of 
the promontorium, the fenestrae vestibuli 
and cochleae, the secondary facial foramen, 
the internal acoustic meatus, the basicapsular 
groove, and, if present, the epitympanic wing, 
the rostral tympanic process, and the postero¬ 
medial flange, with the latter three extend¬ 
ing from the promontorium. The pars 
canalicularis consists of the tegmen tympani, 
the epitympanic recess, the fossae for the 
tensor tympani and stapedial muscles, 
the facial sulcus, the external acoustic meatus, 
the hiatus Fallopii, the stylomastoid notch, 
the mastoid region, the paroccipital process 
of the petrosal, the caudal tympanic process, 
the subarcuate fossa, and the petromastoid 
canal. 

I describe the petrosal from five orienta¬ 
tions. Many of the features listed below vary 
considerably among the species described, 
and some features are not present at all in 
certain taxa. Directional terms are compli¬ 
cated by the intricate and somewhat variable 
orientation of the petrosal in the skull. 
Standardized illustrated views of the petrosal 
are often referred to as “ventral,” the side 
with the fenestra cochleae, fenestra vestibuli, 
and associated structures, and “dorsal,” the 
side with the internal acoustic meatus and 
associated structures (e.g., Wible, 2003: fig. 
8). The petrosal in situ in an artiodactylan 
skull (fig. 2A), however, is typically oriented 
with a flat dorsal surface. What has been 
called the dorsal surface in other mammals 
(the surface with the internal acoustic meatus 
[Wible, 2003: fig. 8]) actually faces medially 
or dorsomedially (into the posterior cranial 
fossa; fig. 2A) in many artiodactylans (e.g., 
Getty’s, [1975: 1241] description of the 

petrosal of the pig). 

The terminology I use for the faces of the 
petrosal generally follows MacIntyre (1972). 
I refer to the side with the internal acoustic 
meatus as the dorsomedial or cerebellar sur¬ 
face. This is clearer than referring to it as the 
endocranial surface because both the dorsal 
and medial sides of the petrosal in figure 2 
face endocranially. What has traditionally 
been considered the “lateral” surface (that 
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dominated by the tegmen tympani) faces 
dorsally and laterally (fig. 2A), and I refer to 
it here as the dorsolateral or squamosal 
surface (note that only part of this surface 
is in contact with the squamosal). Because 
the bone is not a square box (fig. 2E), the 
classic ventral surface (that with the fenestra 
vestibuli and fenestra cochleae [Wible, 2003]) 
is not simply a mirror of the orientation of 
the dorsomedial surface. What has been often 
called the ventral surface is a surface that has 
ventral exposure but which is oriented with a 
lateral tilt. I refer to this side as the 
ventrolateral or tympanic surface; it faces the 
tympanic cavity. What is often referred to 
classically as the “medial” surface or edge 
will be referred to as the ventromedial surface 
to better describe its orientation. Finally, the 
anterior surface is an appropriate and accu¬ 
rate phrase to describe the fifth view of this 
bone that is described and figured herein. 
Each view exposes both the pars cochlearis 
and the pars canalicularis (although in 
anterior view much of the pars canalicularis 
is obscured). MacIntyre (1972) also described 
a posterolateral (lambdoid) surface, which I 
have not illustrated. This surface is often 
exposed on the lateral or posterior surface of 
the skull (fig. 2D). Note also that given the 
loose association between the petrosal and 
other skull elements in cetaceans, it is some¬ 
times difficult to reconstruct the exact 
petrosal orientation in life when studying 
only isolated osteological elements. 

Ventrolateral (Tympanic) Surface of 
the Petrosal 

This surface forms part of the roof and 
medial wall of the tympanic cavity. In 
artiodactylans the tympanic surface of the 
petrosal is typically hidden from ventrolat¬ 
eral view by a bony auditory bulla (fig. 2B). 
The promontorium, at the anteromedial part 
of the petrosal, is the most conspicuous 
feature of the pars cochlearis. It specifically 
comprises primarily the medial part of the 
tympanic cavity (Nickel et al., 1986: 111) and 
in ventrolateral view has either a teardrop 
(hemi-ellipsoid) or an ovoid shape. In many 
taxa, the promontorium bulges ventrally, 
specifically reflecting the underlying anatomy 
of the coiled cochlear duct (Wible, 2003). 


Note, however, that in certain extant ceta¬ 
ceans (e.g., odontocetes illustrated in this 
paper) the cochlea is coiled but the promon¬ 
torium is uniformly hemispherical, thus the 
shape of the promontorium can be decoupled 
from the shape of the cochlea. 

The ventrolateral aspect of the promon¬ 
torium may possess a transpromontorial 
sulcus made by the internal carotid artery 
and/or plexus. This sulcus runs anterior to 
the fenestra cochleae in a somewhat medio- 
lateral direction, then turns anteriorly or 
anteromedially. A double transpromontorial 
sulcus running roughly parallel to the first 
may also occur, often most pronounced 
anterior to the fenestra cochleae. Branching 
from the transpromontorial sulcus medially, 
at a point anterior to the fenestra cochleae 
and running laterally toward the fenestra 
vestibuli, a sulcus for the stapedial artery may 
sometimes be present. 

The promontorium may posses an epitym- 
panic wing (MacPhee, 1981; synonyms are 
“pole of promontorium” [Luo and Ginger- 
ich, 1999: fig. 2B] and “anteromedial flange” 
[Wible 2003: 157]), which is a protruding 
flange from the promontorium often demar¬ 
cating the anterior extreme of the pars 
cochlearis. Wible (2003: 157) described this 
as “a fairly flat shelf of bone, which narrows 
slightly anteriorly and is directed toward the 
carotid sulcus and foramen within the basi- 
sphenoid.” Near the epitympanic wing is the 
position of the opening for the auditory tube, 
a space at the junction between the tympanic 
bulla and the pars cochlearis allowing pas¬ 
sage from the tympanic cavity to the 
nasopharynx. It is occasionally marked by a 
spike-shaped processus muscularis in some 
artiodactylans. Medial to the epitympanic 
wing may be a flat shelf of bone, the 
posteromedial flange (synonym “medial 
flange,” Wible et al., [2009]), extending 
medially from the promontorium and posi¬ 
tioned posterior to the epitympanic wing. 
The posteromedial flange may or may not 
connect to the epitympanic wing. MacPhee 
(1981: 62-63) described a rostral tympanic 
process, which may project from the pars 
cochlearis to contribute to the bony floor of 
the tympanic cavity. An important character¬ 
istic of the rostral tympanic process is that it 
should project ventrally from the pars 
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canalicularis. The rostral tympanic process as 
a significant ventral projection generally 
appears to be absent, or at least indistinct, 
in the taxa illustrated herein. 

The promontorium has two major open¬ 
ings, the fenestra vestibuli (fenestra ovalis) for 
the footplate of the stapes, and the fenestra 
cochleae (fenestra rotundum), which, in a 
living mammal, is closed by a soft tissue 
structure, the secondary tympanic membrane 
(Getty, 1975: 1419). A crest, sometimes 
present between the fenestra vestibuli and 
the fenestra cochleae, is the crista interfenes- 
tralis (Wible et al., 1995: 3). In some taxa 
described herein the fenestra cochleae does 
not circumscribe a complete oval or a circle, 
but instead it has a posterior border that 
broadens into a flat or irregular outline (e.g., 
Hippopotamus amphibius and Choeropsis 
liberiensis). This is noted where it occurs 
but was not included as a character because it 
could not be scored reliably in taxa where 
there the fenestra cochleae is very deeply set. 
Some taxa also exhibit a deep groove on the 
promontorium running from the fenestra 
cochleae toward the ventromedial edge of 
the promontorium; this is noted in descrip¬ 
tions where present. 

The pars canalicularis borders the pars 
cochlearis on its lateral and posterior sides. I 
describe first the part closest to the pars 
cochlearis, which is recessed, and second the 
features external to this. On the anterior part 
of the pars canalicularis is a variably sized 
fossa for the tensor tympani muscle. This fossa 
ranges from shallow and inconspicuous to 
large enough that it excavates the surround¬ 
ing tegmen tympani. Mead and Fordyce 
(2009:116) observed that the tensor tympani 
muscle is often very small in cetaceans and 
that the fossa is poorly defined. When large, 
the fossa often has a distinctive posterior 
border marked by a clear crest; in some 
artiodactylans the fossa is separated into two 
distinct parts separated by a thin dorsal crest. 

Posterior to the fossa for the tensor 
tympani is the secondary facial foramen 
(Wible, 2003), which is the point of exit for 
the facial nerve (cranial nerve VII) from 
within the petrosal into the tympanic cavity. 
The secondary facial foramen is tucked deep 
into the fragile roof of the fossa for the tensor 
tympani muscle, with the roof often being 


simply a thin, almost transparent ledge of 
bone. There is some variability in the relative 
positions of the secondary facial foramen and 
the fenestra vestibuli. The secondary facial 
foramen opens in the tympanic cavity into 
either a sulcus or tunnel that extends from 
the internal acoustic meatus to the stylomas¬ 
toid foramen. Giannini et al. (2006: 85) 
indicated that the tunnel form is called a 
facia] canal and is present in Canis. I have 
observed, however, in some specimens of 
Canis that the facial canal is not entirely 
closed, but simply that the crista parotica is 
more medially extensive. In contrast, in other 
taxa, the tympanic cavity course of the facial 
nerve is via an open sulcus (facial sulcus; 
Whitmore, 1953; Wible, 2003; Giannini et al., 
2006: 37; Mead and Fordyce, 2009). In a 
facial sulcus the nerve runs from the second¬ 
ary facial foramen to the stylomastoid notch, 
with the lateral border of the facial sulcus 
formed by crista parotica. The facial sulcus is 
often a distinctive C-shaped channel. The 
sulcus is not an even trough but often passes 
ventrally over a bump of bone on the dorsal 
surface of the sulcus about midway along its 
course. As it wraps posterolateral to the 
stapedial muscle fossa, it ends at the stylo¬ 
mastoid notch, which is the petrosal contribu¬ 
tion to the stylomastoid foramen. The latter is 
formed in conjunction with the tympanic 
bulla. 

The fossa for the stapedius muscle is a 

gentle but distinct oval depression located 
lateral or posterolateral to the fenestra 
cochleae and anterior to the stylomastoid 
notch. The fossa is closely adjacent to the 
facial sulcus, but on close inspection the 
facial sulcus can be seen to pass postero¬ 
lateral to the fossa. The deep position of the 
fossa often obscures it in some of the 
tympanic view illustrations shown herein. 

A ledge of bone, also part of the pars 
canalicularis, lies external (lateral and poste¬ 
rior) to the recessed structures just described. 
Anteriorly on this ledge is the anterior exit of 
the greater petrosal nerve, the hiatus Fallopii. 
This hiatus varies in size from a small slit to a 
large, circular opening. In cetaceans the 
hiatus is not always present or conspicuous; 
the nerve may exist within the tympanic 
cavity or through smaller holes that are often 
more dorsal in position than the hiatus 
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Fallopii (Fordyce, 1994; Geisler and Luo, 
1996; Mead and Fordyce, 2009). The ledge of 
bone through which the hiatus Fallopii 
emerges sits superior to the tympanic cavity, 
separating it from the cranial cavity (Cifelli, 
1982: 802). Luo and Gingerich (1999) have 
referred to this entire area as the tegmen 
tympani (these authors synonymized the teg¬ 
men tympani with the term “superior pro¬ 
cess” used in the cetacean literature; e.g., 
Pompeckj [1922] and Kellogg [1936]). The 
tegmen tympani can be relatively thick and 
extensive in artiodactylans, and in cetaceans 
it may even extend farther anteriorly than the 
promontorium (Luo and Gingerich, 1999). 
MacPhee (1981: 29) cited De Beer (1937) to 
define the tegmen tympani as a feature widely 
present among mammals, comprising “the 
posterolateral part of the tympanic roof in 
advance of the sulcus or canal for the facial 
nerve.” The tegmen tympani is situated 
anterior to the external acoustic meatus and 
the ventrolateral tuberosity (when present). 
The anterior expanded area of the tegmen 
tympani has been termed the anterior process 
of the tegmen tympani (Luo, 1998; Luo and 
Gingerich, 1999; Mead and Fordyce, 2009), 
which Fordyce (1994) described as the area 
anterior to the fossa for the head of the 
malleus (= epitympanic recess). Luo and 
Gingerich (1999: figs. 2-3) were the first to 
use the term anterior process of the tegmen 
tympani to describe a noncetacean (the 
fmesonychid • ]Dissacus ), thereby hypothesiz¬ 
ing that the anterior process could be 
homologized broadly, and it is sometimes a 
more subtle process than that seen in 
cetaceans. Those authors showed that this 
feature was not exclusively a synapomorphy 
of Cetacea but was instead topologically 
similar to structures in other ungulates. I 
employ their broad usage of the term tegmen 
tympani and its anterior process herein. The 
synapomorphic condition of this structure in 
Cetacea is its relatively large size (see below). 
Finally, the prootic canal (Wible, 2003), a 
foramen that passes through the petrosal 
near the anterior aspect of the facial sulcus, is 
typical of several basal mammalian groups 
(e.g., monotremes and nontherians [Wible et 
al., 2005: 21; Ekdale et al., 2004]) but is not 
present in placentals (Wible et ah, 1995), and 
thus it is not found in the taxa studied herein. 


Posterolateral and ventral to the secondary 
facial foramen is a depression of variable 
shape and size known as the epitympanic 
recess. The epitympanic recess is the excava¬ 
tion in the roof of the middle ear that lies 
superior to the head of the malleus and the 
body of the incus (Sisson, 1911; Ekdale et ah, 
2004). Getty (1975: 1419, see also 721), with 
reference to the anatomy of the pig, described 
the epitympanic recess as the area of the 
middle ear that “lies rostral to the pars tensa 
of the tympanic membrane in the form of a 
small concave depression on the medial 
aspect.” Webb and Taylor (1980: 130; see 
also Ekdale et ah, 2004: fig. 2C) noted that 
the epitympanic recess is “at a lower eleva¬ 
tion, separated from ... [the facial sulcus] by 
a bony step.” This stepwise arrangement is 
frequently seen in artiodactylans. The epi¬ 
tympanic recess, which can be nondescript 
and confusing to identify once the ossicles are 
removed, is often difficult to illustrate. 

In cetaceans, the fossa for the head of the 
malleus (“mallear fossa” of Mead and For¬ 
dyce, 2009:116) may be a relatively large and 
distinctly rounded structure with a clear 
circular lip. Furthermore, in cetaceans, in 
which the fossa for the head of the malleus is 
well developed, it often assumes the place 
commonly occupied by the fossa for the 
tensor tympani muscle in other taxa, and a 
distinct fossa for the tensor tympani (but not 
necessarily the muscle) is essentially absent. 
In some cases the fossa for the head of the 
malleus lies immediately posterolateral to the 
fossa for the tensor tympani, with the two 
areas being separated only by a low crest. A 
separate fossa incudis may also be present if 
the crus breve of the incus made a distinct, 
sharp impression in the roof of the middle 
ear. The fossa incudis is located postero¬ 
lateral to the epitympanic recess (Sisson, 
1911; Luo and Gingerich, 1999: fig. 20; Wible 
et al., 2001: figs. A, D). 

The petrosal contribution to the roof of 
the external acoustic meatus (often completed 
laterally by the squamosal) is a shallow, 
indistinct trough that is lateral to the 
epitympanic recess. I have not employed the 
term “hiatus epitympanicus,” which is used 
widely in the cetacean literature (see discus¬ 
sion in Mead and Fordyce, 2009:116), 
because it appears essentially synonymous 
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with the petrosal contribution to the external 
acoustic meatus. The latter term is more 
widely used and is applied herein. Anterior to 
the external acoustic meatus a ventrolateral 
tuberosity (Luo and Gingerich, 1999; the 
“lateral tuberosity” of Barnes, 1978 and 
Mead and Fordyce, 2009; “ventral tuberos¬ 
ity” of Muizon, 1987) may be present. This is 
a ventrally projecting spike or bump, origin¬ 
ally described in cetaceans but with homologs 
in various noncetacean ungulates (Luo and 
Gingerich, 1999; see also discussion in Geisler 
and Sanders, 2003). 

The crista parotica (Wible, 2003) is a crest 
that runs anteroposteriorly on the medial 
edge of the epitympanic recess. In many of 
the taxa described herein the crista parotica is 
a conspicuous crest that separates a lateral 
ledge of bone (containing the epitympanic 
recess) from dorsal structures such as the 
facial sulcus and the fossa for the stapedial 
muscle. Luo and Gingerich (1999: 51) also 
referred to the tegmen tympani as an anterior 
extension of the crista parotica. Medially, the 
crista parotica extends to the base of the 
tympanohyal, which is a projection of bone, 
sometimes several centimeters long in artio- 
dactylans that extends ventrally from the 
pars canalicularis. The tympanohyal is posi¬ 
tioned lateral to the stylomastoid foramen. In 
life it may articulate with the stylohyal 
distally and, therefore, the rest of the hyoid 
apparatus (Novacek, 1993; Wible, 2003). 
Mead and Fordyce (2009) reported that in 
Homo sapiens the stylohyal fuses with the 
tympanohyal to form a styloid process, and 
that while the presence of the tympanohyal 
has been reported in the odontocete Tursiops 
truncatns (Oelschlager, 1986), its fusion to the 
stylohyal has not been confirmed with 
dissection. Novacek (1993: 470) described 
the tympanohyal as incorporating a structure 
called the “mastoid tubercle” in some mam¬ 
mals (Novacek, 1986: 57 and fig. 21; Nova¬ 
cek, 1993: 470; see also Coombs and Coombs 
[1982: 225], who described a similar struc¬ 
ture) and observed that perissodactylans were 
an example of a clade in which “the mastoid 
tubercle is particularly well developed” (see 
also Novacek, 1986). I have not identified a 
separate mastoid tubercle herein, and refer 
only to the tympanohyal and the site of its 
fusion with the petrosal. In many illustrations 


herein I have labeled the attachment site for 
the tympanohyal because this fragile struc¬ 
ture has either broken from the specimen or 
has been removed to expose deeper petrosal 
structures. In some cases this site was 
approximated because the tympanohyal was 
not preserved. 

A feature medial to the tympanohyal is the 
caudal tympanic process (MacPhee, 1981; 
Wible, 2003: fig. 7D). Wible et al. (2004: 75; 
see also Wible, 1990) defined the caudal 
tympanic process as a structure emerging 
from the anterior part of the pars canalicu¬ 
laris of the petrosal, specifically “the entire 
wall posterior to the facial sulcus, stapedius 
fossa, cochlear fossula, and jugular foramen, 
medial to the paroccipital process [of the 
petrosal].” The caudal tympanic process is 
highly variable in shape and size in artiodac- 
tylans, forming either a bump or a narrow 
ledge that often projects ventrally to a small 
degree. In some taxa the caudal tympanic 
process develops directly posterior to the 
crista interfenestralis and is clearly contin¬ 
uous with it. Geisler and Sanders (2003:55) 
hypothesized that there are two uses of the 
term caudal tympanic process and that these 
refer to nonhomologous structures. How¬ 
ever, I am considering the outgrowth of bone 
posterior and posteromedial to the fenestra 
cochleae to be one homologous area that 
varies greatly in size and shape. 

In tympanic view the pars canalicularis of 
the petrosal also exhibits a posterior or 
posterolateral projection of bone, which is 
visible in tympanic, cerebellar, and dorsal 
and ventromedial views. This projection, 
which may vary greatly in size and shape, is 
herein called the mastoid region (McDowell’s, 
1958: 126 “mastoid”; Coombs and Coombs; 
1982: 225; see also MacPhee, 1981). I follow 
McDowell (1958) in identifying the mastoid 
region as that part of the petrosal posterior to 
a line drawn between the jugular foramen 
and the stylomastoid foramen, thus being an 
area posterior to the facial canal and external 
acoustic meatus. It is also the part of the 
petrosal that contains the semicircular canals 
and the subarcuate fossa. 

The mastoid region varies greatly in size, 
texture, and shape in the taxa figured herein. 
The mastoid region may be exposed on the 
posterior or lateral surface of the braincase in 
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some taxa, often called the “amastoid” 
condition. I do not use this term herein 
because it suggests that the mastoid region is 
absent if the exposure of the mastoid on the 
exterior of the braincase is absent. Taxa such 
as suids may not have the mastoid region 
exposed on the skull (due to occlusion by 
surrounding bones); however, they do have a 
mastoid region. 

The term “mastoid process” has also been 
used to describe this area of the petrosal (e.g., 
Novacek, 1986; Luo and Gingerich, 1999); 
however, a number of authors have com¬ 
mented that this term is problematic due to 
its many connotations and that it should 
either be abandoned or more narrowly 
defined (see discussions in MacPhee [1981] 
and Mead and Fordyce [2009]). Wible et al. 
(2003, 2005; see also discussion in Giannini et 
al., 2006) emphasized that mastoid process 
should be interpreted narrowly to mean a 
structure projecting from the mastoid region. 
I have not observed such a projection in the 
sample herein and do not use this term. 

As noted by Luo and Gingerich (1999), in 
cetaceans, the semicircular canals comprise 
only a small portion of the mastoid region, 
which may extend significantly posterior to 
those structures. Several species exhibit a 
platelike structure that extends posteriorly 
from the endocranial part of the mastoid 
region itself. I refer to this by a new term, 
mastoid plate. When the petrosal is in 
articulation with the rest of the skull, the 
mastoid plate, which is posterior to the 
subarcuate fossa (if present), is visible endo- 
cranially where it rests on the deep surface of 
the squamosal. The mastoid plate is fully 
distinct from the main part of the mastoid 
region, with the latter often being shaped like 
a knob. 

Most of the taxa in this study have a bony 
bulla that floors the tympanic cavity 
(fig. 2B). While neither the ontogeny, gross 
anatomy, nor composition of the bony bulla 
is the focus of this study, I do illustrate the 
topological contacts in the adult between the 
bulla and the petrosal. In artiodactylans and 
perissodactylans the bulla is considered to be 
composed entirely of an outgrowth of the 
ectotympanic bone (Kampen, 1905; Klaauw, 
1922; Novacek, 1977; Novacek, 1986; Luo, 
1998; however, see discussion in Wible, 


1984). There is also often extensive contact 
between the ectotympanic and the petrosal. 
The ectotympanic in artiodactylans and 
perissodactylans is expanded in two direc¬ 
tions. Laterally it is expanded into an 
elongate osseous, tube-shaped external acous¬ 
tic meatus (tympanic neck of Pearson, 1927: 
fig. 2) of varying sizes (forming the ventral 
part of the external acoustic meatus), and 
medially it is expanded into a bulla. The 
lateral expansion of the ectotympanic may 
result in extensive modification of the two 
parts of the ring known as the anterior 
and posterior crura of the ectotympanic. 
Building on work by Luo and Gingerich 
(1999), I have homologized these parts of the 
bulla across Artiodactyla regardless of the 
extent of their modification. Medially, the 
ectotympanic, when expanded into a bulla, 
often contacts the petrosal anteriorly, medi¬ 
ally, and posteriorly. These contacts have 
been illustrated where identified. 

Dorsomedial (Cerebellar) Surface of 
the Petrosal 

This surface of the petrosal (also called the 
endocranial surface or the facies medialis; 
e.g., Nickel et al., 1986: 111) also exposes the 
pars cochlearis anteriorly and the pars 
canalicularis (= pyramidal portion of Webb 
and Taylor, 1980: 130) posteriorly. The 
surface contains one and sometimes two 
conspicuous openings: the internal acoustic 
meatus anteriorly, situated on the dorsome¬ 
dial surface of the pars cochlearis, and the 
subarcuate fossa posteriorly, an excavation of 
variable depth in the dorsomedial surface of 
the pars canalicularis. The rim of the internal 
acoustic meatus, the porus acusticus internus 
(Getty, 1975: 1241), is often poorly defined 
and oval shaped in the taxa described herein. 
Within the internal acoustic meatus is the 
foramen acusticum inferius, within which is a 
perforated (“cribriform” in Wible, 2003: 160; 
Wible et al., 2004: 87) surface that spirals 
deep into the bone called the tractus spiralis 
foraminosus. In life this gives passage to fibers 
of the cochlear nerve (part of cranial nerve 
VIII). The foramen acusticum inferius con¬ 
tains a smaller opening, the foramen singu- 
lare, which transmits part of the vestibular 
portion of cranial nerve VIII (Wible, 2003). 
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The foramen singulare is not consistently 
visible or labeled in the illustrations herein. 
Superior to this is the foramen acusticum 
superius with an anterior hole (visible in some 
illustrations herein) that is the exit for the 
facial nerve (cranial nerve VII). Superior to 
the internal acoustic meatus is a ridge called 
the crista petrosa (Wible et al., 1995). In some 
taxa (e.g., Cams) the crista petrosa is 
relatively expansive and extends relatively 
far anteriorly, coming to a point as the apex 
parties petrosa (Evans and Christensen, 
1979). In the taxa figured herein the apex 
parties petrosa is absent. 

On the ventromedial edge of the pars 
cochlearis is a basicapsular groove (Presley, 
1979: 238; “medial promontory groove” of 
Luo and Gingerich [1999: fig. 3]; “sulcus 
medialis” of Cifelli [1982: 798]; “sulcus for 
the inferior petrosal sinus” of Wible [2003: 
161]) that may extend along the length of the 
promontorium. This groove is for the inferior 
petrosal sinus (Cifelli, 1982; Wible, 2003; also 
called the “ventral petrosal sinus” [Mead and 
Fordyce, 2009:132]). The basicapsular groove 
may vary in position; it is typically on the 
dorsomedial surface but occasionally on the 
ventral or even ventrolateral surface. Poster¬ 
ior to the basicapsular groove may be a 
jugular incisure, the petrosal contribution to 
the jugular foramen. MacIntyre (1972: fig. 4) 
identified a small tuberosity, the processus 
durante, on the dorsal aspect of the endocra- 
nial surface of the petrosal between the 
subarcuate fossa and the internal acoustic 
meatus. This has not been included as a 
character because protuberances in this area 
seem extremely variable in size, position, and 
shape, exhibiting no clear pattern. A feature 
vaguely analogous to the processus durante, 
but not necessarily of the same size and 
shape, has been observed in Tragulus, the 
suids (Sus scrofa, Potamochoerus porcus, 
Hylochoerus meinertzhageni, and Babyrousa 
babyrussa ), and the extinct artiodactylan 
t Leptomeryx sp. This has been marked in 
the illustrations as “knob.” In a number of 
other taxa there is a broadly similar protu¬ 
berance that has not been labeled. 

The subarcuate fossa (the “cerebellar 
fossa” of Getty, 1975: 1241), posterior and 
somewhat dorsal to the internal acoustic 
meatus, is a pit that is often separated from 


the meatus by a strong, mediolaterally 
oriented ridge of bone. The fossa varies 
greatly in size and depth in the taxa examined 
herein, ranging from larger and deeper than 
the internal acoustic meatus to shallow and 
indistinct. As noted above, the fossa accom¬ 
modates part of the parafloccular lobe of the 
cerebellum in life. The posterolateral rim of 
the subarcuate fossa overlies the posterior 
semicircular canal, and the posteromedial rim 
overlies the crus commune (the junction of 
the anterior and posterior semicircular canals 
[Wible, 2003: 161]). This region of the 
dorsomedial petrosal may also contain a 
petromastoid canal, a very small hole within 
the subarcuate fossa that transmits the 
subarcuate artery according to Gannon et 
al. (1988). These authors showed that the 
petromastoid canal is not a vestige of a 
transformed subarcuate fossa and that it may 
be present simultaneously with the subarcu¬ 
ate fossa. Instead, they considered “the 
petromastoid canal as being homologous to 
the vascular foramina in the walls of the 
adult subarcuate fossa” (Gannon et al., 1988: 
160). 

Two openings in the osseous labyrinth of 
the inner ear may be visible in this view. The 
vestibular aqueduct is typically exposed on the 
cerebellar surface, often positioned ventral 
and posterior to the subarcuate fossa (if 
present), but sometimes more centrally posi¬ 
tioned on this surface. It is a narrow bony 
passageway that contains the endolymphatic 
duct of the membranous labyrinth (Sisson, 
1911) and a vein (Cifelli, 1982: 798) in life. In 
the taxa examined herein it ranges from a 
round, open hole to a slit obscured deep 
beneath a thin shelf of bone. Anterior and 
ventral to this on the ventromedial surface, 
between the internal acoustic meatus and the 
subarcuate fossa, is the cochlear aqueduct 
(Sisson, 1911; see also Cifelli, 1982: 802; 
Webb and Taylor, 1980: fig. 2), a small slit or 
a distinct hole, which in life connected the 
subarachnoid space to the scala tympani. 
Cifelli (1982: 802) described this foramen as 
draining “venous blood to the jugular vein 
from the cochlea, in addition to connecting 
the perilymphatic and arachnoid spaces.” 

Superior and often slightly anterior to the 
internal acoustic meatus is a ridge of bone, 
the prefacial commissure (Wible, 2003). The 
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tegmen tympani on the dorsal side of the 
petrosal may assume an inflated state in 
certain taxa. The medial surface of the 
tegmen tympani may be highly excavated, 
forming a structure called the prefacial 
commissure fossa (new term), which can be 
clearly seen in this view. The prefacial 
commissure fossa is a new term to replace 
the use of “suprameatal fossa” of Luo and 
Gingerich (1999) for this concavity because 
“suprameatal fossa” is already in use for 
another cranial structure. A structure noted 
above, the hiatus Fallopii, is variably posi¬ 
tioned on the dorsal or ventrolateral surfaces 
of the petrosal often anterior and somewhat 
superior to the prefacial commissure. Posteri¬ 
orly, the mastoid region is visible in this view, 
often with a roughened surface, and it may 
encompass half the size of the petrosal. 

Dorsolateral Surface of the Petrosal 

This is often referred to as the “squamosal 
surface” (e.g., Ekdale et al., 2004); however, 
much of this surface is not in direct contact 
with the squamosal in the taxa examined 
herein (fig. 2A). In this view, at the anterior- 
most extreme, the epitympanic wing, if pres¬ 
ent, may be visible as it projects anteriorly 
from the promontorium. The tegmen tympani 
and the anterior process of the tegmen 
tympani are visible at the anterior aspect of 
the dorsolateral petrosal. The hiatus Fallopii 
is also partly visible, often deep to a shelf of 
bone at the anterior aspect of the tegmen 
tympani. A vascular groove (Luo and Ginger¬ 
ich, 1999) or grooves running mediolaterally 
or anteroposteriorly are occasionally present 
on this surface, which Luo and Gingerich 
(1999: 13, 45) hypothesized were likely made 
by the ramus superior of the stapedial artery 
or possibly a petrosquamous vein (see also 
Fordyce, 1994; Geisler and Luo, 1998; 
Geisler and Sanders, 2003; Mead and For¬ 
dyce, 2009). Posterior to the tegmen tympani 
is the petrosal contribution to the external 
acoustic meatus. Anterior to the external 
acoustic meatus edge is the ventrolateral 
tuberosity, which Luo and Gingerich (1999; 
13) described as a small projection found on 
the ventral surface of the petrosal on the 
tegmen tympani. This term originated to 
describe variation in cetaceans but can be 


identified in noncetaceans as well. The 
mastoid region dominates the posterior aspect 
of the dorsolateral surface, posterior to the 
external acoustic meatus. 

Ventromedial Surface of the Petrosal 

This side of the petrosal faces the inferior 
petrosal sinus in life. It consists of the medial 
aspect of the pars cochlearis anteriorly and 
the medial aspect of the mastoid region 
posteriorly. This surface is sometimes closely 
appressed to the basioccipital bone medially, 
and sometimes it is completely separate from 
that bone depending on the size of the 
basicapsular fissure. The basicapsular groove 
and its margins, which are ruffled in some 
taxa, is often visible in this view. Also visible 
from this side is the stylomastoid notch and, 
variably, the cochlear aqueduct. The varied 
shape of the mastoid region and the relative 
development of the mastoid plate are also 
clearly indicated in this view. The ventrome¬ 
dial view also demonstrates the shape of the 
promontorium and the presence of an 
epitympanic wing. 

Part of the petrosal is often, but not 
always, exposed superficially between the 
squamosal and exoccipital portions of the 
skull. When exposed, the surface tends to be 
roughened and highly cancellous. Part of the 
exposed surface may contribute to the 
formation of a foramen at its superomedial 
junction with the exoccipital. If some part of 
the mastoid region is exposed on the poste¬ 
rior or lateral surface of the skull (the 
“lambdoid” face of MacIntyre, 1972), this 
edge may be visible in ventromedial illustra¬ 
tions. This may seem odd because the 
exposure of the pars canalicularis on the 
braincase is lateral or occipital in direction 
rather than ventral. However, with the 
petrosal removed from the skull and the 
offset nature of the pars cochlearis and pars 
canalicularis, the exposed part of the bone is 
no longer blocked from view by other bones 
and can be seen. 

Anterior Surface of the Petrosal 

This surface, not easily viewed in an in situ 
petrosal, is illustrated primarily to show 
variation in the position and, particularly, 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


27 


the size of the hiatus Fallopii. Also very clear 
in anterior view is the shape of the petrosal 
superior to the internal acoustic meatus 
(dorsomedial side). As noted above, some 
taxa exhibit a large excavation of this area, 
the prefacial commissure fossa (Luo and 
Gingerich, 1999) adjacent to the prefacial 
commissure. In other taxa, the area is flat and 
abuts the tegmen tympanic at a right angle. 
Other features that are clear in this view are 
the relative shape and inflation of the tegmen 
tympani and the overall shape of the pro- 
montorium. The subarcuate fossa and the 
internal acoustic meatus are also indicated in 
many anterior illustrations. 

Guide to Figures 

The following anatomical descriptions 
focus on variable cladistic characters of the 
petrosal (i.e., they do not repeat the descrip¬ 
tion of more generalized mammalian petrosal 
features outlined above). Anatomical descrip¬ 
tions are organized around the five views of 
the petrosal described above. In the figures, 
cladistic character descriptions used in the 
phylogenetic analysis of Spaulding et al. 
(2009; see also table 2 and fig. 2) are in plain 
text, and character states are italicized. 
Anatomical features that are not part of 
cladistic characters, but that are nonetheless 
informative about the surface anatomy of the 
petrosal, are italicized. Character descrip¬ 
tions are labeled even if a feature is absent or 
unknown in order to contrast unambiguously 
with the condition in other illustrations 
where the character is present. Specimen 
numbers for the illustrations are listed in 
table 1. Generally, all views are drawn from 
the same specimen; exceptions are noted. 

PETROSAL ANATOMY BY TAXON 

t Protungulatum sp. 

Figures 3-8 

The specimen is relatively well preserved 
with only minor abrasions on the posterior 
part of the ventral surface. It is from the Bug 
Creek locality (Sloan and Van Valen, 1965) 
and is not associated with any other skeletal 
elements. MacIntyre (1972) described and 


illustrated the anatomy of a petrosal from 
this locality but did not state the specimen 
number associated with his illustration. It is 
also not clear whether the illustrations in 
MacIntyre (1972) are based on an individual 
specimen or a composite, and to what degree 
they are based on the specimen illustrated 
herein. The specimen I describe appears to be 
generally similar to the one illustrated by 
MacIntyre, and much of what was described 
in that paper is corroborated here. The 
description of the position of the external 
acoustic meatus, however, is revised, and the 
“processus durante” is not found in this 
specimen. 

On the ventrolateral surface (fig. 3) the 
hemi-ellipsoid promontorium is gently bul¬ 
bous anterior to the fenestra cochleae. The 
oval fenestra vestibuli and the teardrop¬ 
shaped fenestra cochleae are approximately 
the same size. The promontorium has two 
wide grooves: a single transpromontorial 
sulcus, and a sulcus for the stapedial artery 
that runs toward the fenestra vestibuli. There 
is no clearly defined fossa for the tensor 
tympani muscle; the muscle may have instead 
originated from the lateral side of the 
promontorium itself. Compared to various 
artiodactylans described herein, this taxon 
lacks a significant epitympanic wing or 
posteromedial flange. 

The tegmen tympani is a distinct ridge 
laterally but is uninflated (by comparison 
with artiodactylans described herein) and 
lacks an anterior process. The hiatus Fallopii 
is a very small opening at the anterior edge of 
the tegmen tympani and is tucked within it. 
Medial to the tegmen tympani the secondary 
facial foramen opens broadly onto the facial 
sulcus. The epitympanic recess is a distinct 
but shallow triangular fossa that is ventrally 
displaced relative to the broad facial sulcus. 
The stapedial muscle fossa occupied a large, 
shallow, oval pit posterolateral to the fenes¬ 
tra cochleae. As observed by Coombs and 
Coombs (1982), the contours of this fossa are 
somewhat indistinct. The path of the facial 
nerve along the facial sulcus is not clear in 
this specimen, but the nerve appears to have 
traveled posterior to the stapedial muscle 
fossa en route to the stylomastoid notch. The 
petrosal contribution to the external acoustic 
meatus is a low, poorly defined trough 
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secondary facial foramen position: anterior 
epitympanic wing: present 

fenestra vestibuli 

promontorium 
shape: hemi-ellipsoid 

transpromontorial 
sulcus: present 
double: absent 

crista interfenestralis 

sulcus for stapedial 
artery: present 

posteromedial flange: 


medial protrusion 
of pars cochlearis: 
absent 


^hiatus Fallopii distinct hole at anterior 
tegmen tympani: present (out of view) 


anterior 


t 

I-»-d 


► dorsolateral 

round/oval fossa for tensor tympani: absent 

anterior process of the tegmen tympani: absent 

tegmen tympani 
shape: flat 
inflation: absent 


ventrolateral tuberosity: present 
shape: knob 

epitympanic recess 

distinct fossa for head of malleus: absent 


external acoustic meatus 


fenestra cochleae 


stapedial muscle fossa 


stylomastoid notch 


tympanohyal crista parotica 


caudal tympanic process: 
mediolaterally narrow 


- mastoid region: 
size: small 
shape: wedge 


facial sulcus attachment site? 



fenestra cochleae 


posteromedial flange: absent 


medial protrusion 
of pars cochlearis: absent 


stapedial' 
muscle fossa 


secondary facial foramen position: anterior . 

epitympanic wing: present 

fenestra vestibuli 

promontorium shape: hemi-ellipsoid 

transpromontorial 
sulcus: present 
double: absent 

crista interfenestralis — A. 

sulcus for stapedial artery: present —A 


hiatus Fallopii distinct hole 
at anterior tegmen tympani: present 
(out of view) 

round/oval fossa for tensor tympani: absent 

anterior process of the tegmen tympani: absent 

tegmen tympani 
shape: flat 
inflation: absent 


ventrolateral tuberosity: present 
shape: knob 

epitympanic recess 

distinct fossa for head 
of malleus: absent 

'external acoustic meatus 


caudal tympanic process: mediolaterally narrow 


stylomastoid notch 

facial sulcus 


-mastoid region: 
size: small 
shape: wedge 


tympanohyal 
attachment site? 


crista parotica 


Fig. 3. Ventrolateral (tympanic) views of left petrosal of t Protungulatum sp. (AMNH-VP 118359). 
Scale = 1 cm. Damaged areas are hatched. Illustration above, CT scan below. 
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bullar 
contacts: ? 



tympanic ring 
contacts: ? 


Protungulatum sp. 


anterior 



medial bullar 
contact: present 


posterior bulla 
contact: 


posterior 
ectotympanic 
crus/tube 
contact: 
contact: present 
size: small 
texture: smooth 


anterior bulla 
contact: present 
fusion: absent 


L. 


anterior 
ectotympanic 
crus/tube contact: 
present 


Tragulus napu 




medial bullar 
contact: present 


posterior bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


posterior bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


anterior 
ectotympanic 
crus/tube contact: 
present 


posterior 
ectotympanic 
crus/tube contact: 
contact: present 
size: small 
texture: rough 


medial bullar 
contact: present 


anterior 


ectotympanic 

contact: 


present 


posterior 
ectotympanic 
crus/tube contact: 
contact: present 
size: small 
texture: smooth 


Leptomeryx sp. 


Antilocapra americana 


Fig. 4. Tympanic contacts with ventrolateral petrosals of f Protungulatum sp. (AMNH-VP 118359), 
Tragulus napu (AMNH-M 102872) (Ruminantia, Tragulidae), f Leptomeryx sp. (AMNH-VP 53786) 
(Ruminantia, tLeptomerycidae), and Antilocapra americana (UCM VZ 96100) (Ruminantia, Antiloca- 
pridae). Damaged areas are hatched. Dotted lines are estimated contacts. 
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anterior 



foramen 

acusticum 

superius 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial 


mastoid region: - 

size: small 
shape: wedge 


t 

1 - > ventromedial 


surface around internal 
acoustic meatus: smooth 


basicapsular groove: present 
position: dorsal 


cochlear aqueduct 
position: ventral 


acusticum inferius 


prefacial commissure fossa: absent 


tegmen tympani: 
inflation: absent 
shape: flat 


crista transversa 


internal acoustic meatus 


subarcuate fossa: present 
shape: deep 

petromastoid canal: absent 


vestibular aqueduct ? 



foramen 

acusticum 

superius crista transversa 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


cochlear aqueduct 
position: ventral 


subarcuate fossa: present 
shape: deep 

petromastoid canal: absent 


mastoid region: — 
size: small 
shape: wedge 


basicapsular groove: present 
position: dorsal 


acusticum inferius 


vestibular aqueduct ? 


hiatus Fallopii distinct hole at - 
anterior tegmen tympani: present 


prefacial 


prefacial commissure fossa: absent 


tegmen tympani: 
inflation: absent 
shape: flat 


Fig. 5. Dorsomedial (cerebellar) views of left petrosal of f Protungulatum sp. (AMNH-VP 118359). 
Illustration above, CT scan below. Scale = 1 cm. 
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ventrolateral 
tuberosity: present 
shape: bump 


external 
acoustic 
meatus 


mastoid region 
size: small 
shape: wedge 



hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 

anterior process of the 
tegmen tympani: absent 

tegmen tympani: 
shape: flat 
inflation: absent 


vascular groove: absent 


Protungulatum sp. 



interior 

L 


medial 



, anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 


tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


vascular groove: absent 


Tragulus napu 




anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


vascular groove: present 


Leptomeryx sp. 



Fig. 6. Dorsolateral views of left petrosals of f Protungulatum sp. (AMNH-VP 118359) Tragulus napu 
(AMNH-M 102872) (Ruminantia, Tragulidae), and f Leptomeryx sp. (AMNH-YP 53786) (Ruminantia, 
fLeptomerycidae). Dorsomedial and ventrolateral surfaces are gray. 
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basicapsular groove: present 



anterior 

J 


Protungulatum sp. 





basicapsular groove: present 
position: ventral 


cochlear aqueduct 
position: ventral 


internal acoustic meatus 


mastoid plate 
absent 


promontory shape: hemi-ellipsoid 

stylomastoid notch 


mastoid region 
size: large 
shape: wedge 


Leptomeryx sp. 


Fig. 7. Ventromedial views of left petrosals of f Protungulatum sp. (AMNH-VP 118359), Tragulus napu 
(AMNH-M 102872) (Ruminantia, Tragulidae), and f Leptomeryx sp. (AMNH-VP 53786) (Ruminantia, 
fLeptomerycidae). Dorsomedial and ventrolateral surfaces are gray. 
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prefacial commissure fossa: absent 

subarcuute fossa 



tegmen tympani: 
shape: flat 
inflation: absent 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: small 


promontorium shape: 
hemi-ellipsoid 


dorsal 


medial 




Protungulatum sp. 



prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: small 


promontorium shape: 
hemi-ellipsoid 

Tragulus napu 



prefacial commissure fossa: absent 




Fig. 8. Anterior views of left petrosals of t Protungulatum sp. (AMNH-VP 118359), Tragulus napu 
(AMNH-M 102872) (Ruminantia, Tragulidae), and fLeptomeryx sp. (AMNH-VP 53786) (Ruminantia, 
tLeptomerycidae). Gray indicates ventrolateral surface. Damaged areas are hatched. 
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posterior to a subtle, knob-shaped ventrolat¬ 
eral tuberosity. There is no prootic canal. A 
roughened, broken area adjacent to the 
stylomastoid notch is hypothesized to have 
been the attachment site for the tympa- 
nohyal, which is not preserved. From it 
extends a clear crista parotica that skirted 
the medial side of the epitympanic recess. 
There is a small, narrow caudal tympanic 
process positioned medial to the stapedial 
muscle fossa and fully posterior to the 
fenestra cochleae. The whole ventral surface 
of the mastoid region is very smooth; the pars 
cochlearis does not protrude medially relative 
to the mastoid region. 

There is no information on the presence or 
absence of a bony auditory bulla in this taxon 
or the ectotympanic ring, and therefore no 
information on potential contacts with the 
petrosal can be provided (fig. 4). 

The dorsomedial surface (fig. 5) is smooth, 
with the mastoid region comprising approxi¬ 
mately 50% of the total size of the bone in 
this view. The internal acoustic meatus is 
relatively round and lacks sharply defined 
borders. The area around it is smooth 
textured. A narrow and sharp crista trans- 
versa fully divides the foraminae acusticum 
superius and inferius. A small part of the 
basicapsular groove is visible in dorsomedial 
view at the anterior pars cochlearis, medial to 
the internal acoustic meatus. The cochlear 
aqueduct is situated at the posterior end of 
this groove. A distinct but low ridge separates 
the internal acoustic meatus from the large 
and extremely deep subarcuate fossa. The 
size of the subarcuate fossa suggests that the 
semicircular canals were relatively large in 
relation to the total size of the petrosal. No 
petromastoid canal is visible; however, the 
internal structure of the subarcuate fossa is 
very deep and hard to examine closely. The 
tegmen tympani forms a right angle with the 
endocranial surface, and there is no prefacial 
commissure fossa. MacIntyre (1972: 286) 
described a structure called the “processus 
durante,” a blunt, elongate, “proboscis¬ 
shaped” knob, anterodorsal to the subarcu¬ 
ate fossa. This feature is not present in this 
specimen. The vestibular aqueduct is not 
clear, and the mastoid region is triangular in 
outline, wedge-shaped overall, and comes to 
a point at the posterior extreme. 


The dorsolateral (fig. 6) surface fully 
exposes the tegmen tympani, which is rela¬ 
tively flat and uninflated. It meets the 
dorsomedial and ventrolateral surfaces at 
right angles. The tegmen tympani does not 
extend medially or laterally over either of 
these surfaces to any significant degree. There 
are no vascular grooves on this surface. The 
ventrolateral tuberosity is an inconspicuous 
bump anterior to the internal acoustic 
meatus. 

Ventromedially (fig. 7), the bone has a 
roughly triangular outline. The medial pars 
cochlearis is not a sharp edge but is instead a 
flat surface with a gentle basicapsular groove 
running anteroposteriorly, closest to the 
dorsomedial surface. In medial view, the 
wedge shape of the mastoid region is clear. 
The cochlear aqueduct is relatively large and 
distinct, offset slightly toward the dorsome- 
dial surface. Because this is an isolated 
petrosal, it is not known whether any part 
of the mastoid region was exposed on the 
external surface of the braincase. 

Anteriorly (fig. 8), the hiatus Fallopii can 
be seen as a relatively small hole, and the flat 
tegmen tympani is also visible. There is no 
prefacial commissure fossa superior to the 
internal acoustic meatus; this area is flat. 

Artiodactyla - Ruminantia - Tragulidae 

Tragulus napu 

Figures 4, 6-10 

The petrosal of Tragulus was figured by 
Webb and Taylor (1980). The specimen 
described here has some damage to the 
ventromedial surface on the promontorium 
of the left petrosal (fig. 9). 

On the ventrolateral surface (fig. 9), the 
hemi-ellipsoid promontorium has two dis¬ 
tinct convexities (associated with the under¬ 
lying cochlea) anterior to the fenestra co¬ 
chleae. The anterior convexity is larger and 
more distinct. There are no sulci on the 
promontorium. The fenestra cochleae has a 
circular outline, except at the posterior edge, 
where it is straight; it is larger than the 
fenestra vestibuli. The latter has an oval 
margin. Medial to the tegmen tympani is a 
circular fossa for the tensor tympani muscle. 
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— mastoid region: 
size: small 
shape: knob 


stylomastoid notch 


tympanohyal attachment site 


external acoustic meatus 
crista parolica 
muscle fossa 


epitympanic wing: present 


promontorium shape: 
hemi-ellipsoid 


transpromontorial sulcus: absent 
sulcus for stapedial 
artery: absent 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 
(out of view) 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


uenui 

L 


dorsolateral 


secondary facial foramen 
position: anterior 


crista inlerfenestralis 


fenestra 

posteromedial flange: present 


medial protrusion 
of pars cochlearis: 
absent 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: absent 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


caudal tympanic process: 
mediolaterally broad 


facial 



facial sulcus 


epitympanic wing: 

fenestra vestibuli 


caudal tympanic process: 
mediolaterally broad 


- mastoid region: 
size: small 
shape: knob 


stylomastoid notch 


external acoustic meatus 


tympanohyal attachment site 


crista parotica 
stapedial muscle fossa 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 
(out of view) 


promontorium shape: 
hemi-ellipsoid 

transpromontorial sulcus: absent 
sulcus for stapedial 
artery: absent 


crista interfeneslralis 
fenestra cochleae 

posteromedial flange: present 


medial protrusion of 
pars cochlearis: absent 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

secondary facial foramen position: anterior 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: absent 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


Fig. 9. Ventrolateral (tympanic) views of left petrosal of Tragulus napu (AMNH-M 102872) 
(Ruminantia, Tragulidae). Damaged areas are hatched. Scale = 1 cm. 
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anterior 



foramen 

superius 


basicapsular groove: absent 


vestibular aqueduct 


mastoid region: 
size: small 
shape: knob 


subarcuate fossa: present 
shape: deep 
petromastoid canal: ? 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial 

commissure crista transversa 


cochlear aqueduct 
position: ventral 

foramen acusticum inferius 


prefacial commissure fossa: absent 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


internal acoustic meatus 


around internal 
acoustic meatus: smooth 


ventromedial 


foramen acusticum _ 
superius 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure 
fossa: absent 


vestibular aqueduct 


mastoid region:' 
size: small 
shape: knob 


hiatus Fallopii 
distinct hole at 



basicapsular groove: absent 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


cochlear aqueduct 
position: ventral 


foramen acusticum inferius 


subarcuate fossa: present 
shape: deep 
petromastoid canal: ? 


Fig. 10. Dorsomedial (cerebellar) views of left petrosal of Tragulus napu (AMNH-M 102872) 
(Ruminantia, Tragulidae). Scale = 1 cm. 
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This fossa does not excavate the overlying 
tegmen tympani and is well defined only on 
its medial margin, which has a C-shaped 
crest. The fossa is very shallow. The pro- 
montorium tapers anteriorly into a pointed 
epitympanic wing that is a flattened lip of 
bone. It joins the posteromedial flange to 
make a complete anteromedial ring around 
the promontorium. 

On the pars canalicularis, the tegmen 
tympani is inflated moderately, barely occu¬ 
pying one-fifth the width of the tympanic 
surface of the petrosal. The anterior process 
of the tegmen tympani is blunt and small. 
The secondary facial foramen opens just 
anterior to the fenestra vestibuli, deep to 
the fossa for the tensor tympani. The 
epitympanic recess is indistinct and ventrally 
displaced relative to deeper structures such as 
the facial sulcus. There are no clear fossae for 
the ossicles. The petrosal contribution to the 
external acoustic meatus is a shallow trough 
marked by several bumps; there is no 
ventrolateral tuberosity. The stapedial muscle 
fossa is a deep, oval pit that occupies a small, 
tight area posterior to the fenestrae cochleae 
and vestibuli. The tympanohyal is not 
attached in this specimen, although a distinct 
crista parotica extends anterolaterally from 
the approximated tympanohyal attachment 
site. The caudal tympanic process is a broad, 
platelike extension that occurs posterior and 
medial to the fenestra cochleae. It is fully 
continuous with the posteromedial flange. 
The mastoid region is short, knob-shaped, 
and not fully visible in ventrolateral view. 
The pars cochlearis does not protrude 
medially relative to the mastoid region. 

The ventrolateral petrosal (fig. 4) contacts 
the ectotympanic in several places. The 
anterior crus of the ectotympanic contacts 
the petrosal anterior to the external auditory 
meatus. Although the contact was present, its 
full shape can only be estimated in this 
specimen (dashed lines). The posterior crus of 
the ectotympanic has a small, smooth-tex¬ 
tured contact with the petrosal on the 
mastoid region. The bulla contacts the pars 
cochlearis at its medial and posterior mar¬ 
gins, most extensively at the posteromedial 
flange. 

The dorsomedial (fig. 10) surface of the 
petrosal is smooth. The internal acoustic 


meatus consists of foraminae acusticum 
superius and inferius that are not deeply 
inset in a common tunnel but instead are 
separately flush with the dorsomedial surface 
of the bone. The crista transversa is particu¬ 
larly wide and prominent. There is no 
prefacial commissure fossa, and the tegmen 
tympani meets the dorsomedial surface at a 
right angle. There is no evidence of a 
basicapsular groove on either the tympanic 
or the dorsomedial surfaces. A very small 
(pin-sized) cochlear aqueduct opens ventro¬ 
medial to the internal acoustic meatus 
(figs. 7, 10). A projecting knob separates the 
internal acoustic meatus from a diminutive 
but deep subarcuate fossa posteriorly. Poste¬ 
riorly, there are two pits. I hypothesize that 
the subarcuate fossa is the deeper and 
narrower of the two; it is unclear whether it 
contains a petromastoid canal. On the 
ventromedial side of the posterior aspect of 
the petrosal is a shallower pit of unknown 
attribution that I have not observed in the 
other taxa examined. As noted above, this 
surface has a small knob of bone projecting 
from the pars canalicularis. This bears some 
resemblance to the “processus durante” of 
Macintyre (1972: fig. 4). Dorsolateral to the 
subarcuate fossa is the vestibular aqueduct. 
The mastoid region ends abruptly posterior 
to the subarcuate fossa, terminating with a 
flattened posterior end oriented at a right 
angle to the endocranial surface. The mastoid 
region comprises less than 50% of the total 
size of the bone. 

The dorsolateral margin (fig. 6) is dis¬ 
tinctly flat and comes to a point anteriorly. 
The hiatus Fallopii is barely visible, tucked 
deeply into the anterior process of the flat, 
moderately inflated tegmen tympani. The 
anterior process of the tegmen tympani has 
a small, blunt tip. The knoblike shape of the 
mastoid region is clear in this view, and there 
is no ventrolateral tuberosity marking the 
anterior edge of the external acoustic meatus. 
There are no vascular grooves. 

Ventromedially (fig. 7), the bone has a 
roughly triangular shape with the apex 
positioned anteriorly. There is a pin-sized 
cochlear aqueduct about halfway between the 
anterior and posterior extremes of the bone. 
In this view it is also clear that the 
basicapsular groove is absent and that the 
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ventromedial pars cochlearis forms a sharp 
edge, not a flat surface. A small, triangular 
portion of the posterior mastoid region was 
exposed on the external surface of the skull. 
The species lacks a mastoid plate. 

In anterior view (fig. 8), the relatively small 
size of the hiatus Fallopii is visible, as is the 
absence of a prefacial commissure fossa; the 
area superior to the internal acoustic meatus 
meets the tegmen tympani at a right angle and 
the tegmen tympani is flat. 

Artiodactyla - Ruminantia - 
fLEPTOMERYCIDAE 

f Leptomeryx sp. 

Figures 4, 6-8, 11-12 

The petrosal of this taxon was figured by 
Webb and Taylor (1980). The specimen 
described here is generally well preserved 
but has minor damage to the internal 
acoustic meatus, the facial sulcus, and the 
fenestra vestibuli. 

On the ventrolateral surface (fig. 11) the 
hemi-ellipsoid promontorium is convex in 
two areas anterior to the fenestra cochleae: 
immediately over the fenestra and more 
anterior to it. The fenestra vestibuli is 
damaged; the fenestra cochleae is large with 
a distinct, circular opening. The fenestrae are 
separated by a broad crista interfenestralis. 
The promontorium is devoid of sulci in the 
areas that are not damaged. The promontori- 
um extends into a distinct epitympanic wing 
anteriorly that terminates in a point. There is 
also a substantial posteromedial flange that is 
fully continuous with the epitympanic wing. 
Together, these form a flattened shelf of bone 
around the promontorium on the medial and 
anterior sides. There is an oval fossa for the 
tensor tympani muscle. This shallow but 
extensive fossa does not excavate the adjacent 
tegmen tympani. The fossa is also divided 
into anterior and posterior parts by a very 
subtle crest. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated, occupying 
about one-fifth the width of the petrosal. Its 
anterior process is indistinct, merging with 
the dorsolateral edge of the promontorium; it 
does not extend anterior to the promonto- 


rium. The specimen has a large opening 
medial to the epitympanic recess where there 
has been some postmortem damage to the 
fenestra vestibuli and secondary facial fora¬ 
men. The secondary facial foramen can 
barely be distinguished, but it appears to 
have been immediately posterior and dorsal 
to the fossa for the tensor tympani. It thus 
occupied an anterior position. The petrosal 
contribution to the external acoustic meatus 
is a smooth, shallow trough immediately 
posterior to the ventrolateral tuberosity. 
Distinct fossae for the ossicles in the epitym¬ 
panic recess cannot be discerned on this 
specimen. The area where the facial sulcus 
would have run, between the secondary facial 
foramen and the stylomastoid notch, is 
tightly closed. The path of the facial nerve 
is not entirely visible but appears to have 
followed a standard path toward the stylo¬ 
mastoid notch. The stapedial muscle fossa 
(out of view in fig. 11) is a very small oval 
area just lateral to the stylomastoid notch. 
The tympanohyal has broken from its 
attachment, but a subtle crista parotica 
extends from the former attachment site 
along the edge medial to the epitympanic 
recess. The petrosal contribution to the 
external acoustic meatus occupied a low, 
broad canal on the mastoid region; its 
anterior margin has a ventrolateral tuberosity 
that is spike-shaped. A crest extends posteri¬ 
orly from the ventrolateral tuberosity onto 
the mastoid. The caudal tympanic process is 
a smooth and flat shelf of bone extending 
medially from the area posterior to the 
fenestra cochleae. It is continuous with the 
posteromedial flange. The mastoid region is 
large and wedge-shaped. 

The petrosal contacted the tympanic in 
several places (fig. 4). The anterior crus of the 
ectotympanic (expanded into a bony tube) 
contacted the petrosal, as did the posterior 
crus, which had a small, smooth contact in 
mastoid region. The bulla has extensive 
contact with the ventrolateral surface of the 
petrosal along the anterior process of the 
tegmen tympani. The bulla also contacted the 
petrosal along its medial and posterior 
margins, primarily along the posteromedial 
flange. 

The dorsomedial surface of the petrosal 
(fig. 12) is smooth with a narrow pars 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


39 



fenestra 

posteromedial flange: present 

caudal tympanic process: 
mediolaterally broad 

stylomastoid notch 

statpedial muscle fossa facial 

(out of view) sulcus 

tympanohyal attachment 


crista parotica 


hiatus Fallopii distinct hole at anterior . 
tegmen tympani: present (out of view) 


epitympanic wing: present 


fenestra vestihuli 
(out of 


promontorium shape: 
hemi-ellipsoid 

transpromontorial sulcus: absent 
sulcus for stapedial 
artery: absent 

crista 


medial protrusion 
of pars cochlearis: 
absent 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


I Id IUI 

L 


dorsolateral 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


secondary facial foramen 
position: anterior 


ventrolateral tuberosity: present 
shape: spike 


epitympanic recess 

distinct fossa for head of 
malleus: absent 

external acoustic meatus 


mastoid region: 
size: large 
shape: wedge 



round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

fenestra vestibuli (out of view) 

epitympanic wing: present 

promontorium shape: 
hemi-ellipsoid 

crista interfenestra 

transpromontorial sulcus: 
absent 

sulcus for stapedial 
artery: absent 

medial protrusion of pars 
cochlearis: absent 

posteromedial flange: present 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 


stvlomastoid 


notch 


statpedial muscle fossa 
(out of view) 


tympanohyal attachment 


hiatus Fallopii distinct 
hole at anterior tegmen 


crista parotica 


mastoid region: 
size: large 
shape: wedge 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 
tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: spike 


secondary facial foramen 
position: anterior 


epitympanic recess 

distinct fossa for head of 
malleus: absent 
external acoustic meatus 


Fig. 11. Ventrolateral (tympanic) views of left petrosal of f Leptomeryx sp. (AMNH-VP 53786) 
(Ruminantia, tLeptomerycidae). Damaged areas are hatched. Scale = 1 cm. 
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Fig. 12. Dorsomedial (cerebellar) views of left petrosal of fLeptomeryx sp. (AMNH-VP 53786) 
(Ruminantia, fLeptomerycidae). Damaged areas are hatched. Scale = 1 cm. 


cochlearis followed posteriorly by a fan¬ 
shaped mastoid region. The internal acoustic 
meatus has an irregular border, and only the 
general outlines of the exits for the foraminae 
acusticum superius and inferius can be 


distinguished due to poor preservation. The 
crista transversa is not well preserved in this 
specimen and is not visible in the illustra¬ 
tions. The bone surrounding the internal 
acoustic meatus is smooth. This taxon has no 
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prefacial commissure fossa, but superior and 
slightly posterior to the internal acoustic 
meatus is a small knob. Extending from the 
anterior extreme of the pars cochlearis on the 
endocranial surface is a basicapsular groove 
that wraps around the ventromedial margin 
of the bone, ending posterior to the internal 
acoustic meatus. A very small cochlear 
aqueduct opens posterior to this groove. A 
low ridge separates the internal acoustic 
meatus from a large and deep subarcuate 
fossa. The fossa has a well-defined anterior 
border and no petromastoid canal. Posterior 
and slightly medial to the fossa is a small 
shelf of bone that roofs the vestibular 
aqueduct. Posterior to this the mastoid 
region is gently concave and triangular in 
outline with the apex at the posterior margin. 
The mastoid region comprises approximately 
50% of the total size of the bone. 

The dorsolateral surface (fig. 6) is rela¬ 
tively flat and sits at a right angle to the 
endocranial and tympanic surfaces. The 
distinct hiatus Fallopi is positioned fully on 
the dorsolateral surface as a distinct, small 
opening in the anterior process of the tegmen 
tympani. The tegmen tympani is moderately 
inflated and has a subtle anterior process that 
tapers anteriorly to a blunt tip. There is a 
subtle, anteroposteriorly running vascular 
groove. Adjacent to the external acoustic 
meatus is a small, spike-shaped ventrolateral 
tuberosity. The large, wedge-shaped mastoid 
region is oriented approximately 45° to the 
promontorium in this view. 

Ventromedially (fig. 7), the bone starts as 
a thin plate and widens posteriorly, giving an 
overall triangular outline to the ventromedial 
surface. There is a very distinct, narrow 
basicapsular groove running from the ante¬ 
rior tip of the pars cochlearis to the cochlear 
aqueduct. The latter is a distinct slit clearly 
positioned on the ventromedial surface, well 
separated from the fenestra rotunda. The 
pars cochlearis ends in a smooth knob 
followed by the elongate, fan-shaped mastoid 
region, which has a narrow mastoid exposure 
running its entire length. The mastoid plate is 
absent. 

The anterior view (fig. 8) indicates that 
there was no prefacial commissure fossa and 
that the hiatus Fallopii was small and was 
situated just anterior to the flat tegmen 


tympani on the anterodorsal margin of the 
bone. 

Artiodactyla - Ruminantia - Pecora - 

Antilocapridae 

ANTILOCAPRA AMERICANA 

Figures 4, 13-17 

The mastoid region of the specimen is 
slightly broken on the endocranial side, but 
the specimen is otherwise intact. 

The ventrolateral (fig. 13) surface has a 
single ovoid bulge on the hemi-ellipsoid 
promontorium just anterior to the fenestra 
cochleae. The fenestra cochleae is larger and 
more circular than the fenestra vestibuli. The 
two are divided by a narrow crista inter- 
fenestralis. There is a single, faint transpro- 
montorial sulcus running from the medial to 
the anterior margin of the promontorium. 
This is scored as a transpromontorial sulcus, 
but further research should be conducted to 
determine what soft tissue occupied this 
channel. This groove appears distinctly ante¬ 
rior to the fenestra cochleae. A second sulcus 
branches from the transpromontorial sulcus 
and terminates at the medial border of the 
fossa for the tensor tympani muscle. There is 
no clear sulcus for the stapedial artery. The 
fossa for the tensor tympani is large and oval 
and does not excavate the overlying tegmen 
tympani. The promontorium then flattens 
into a platelike epitympanic wing that forms 
a point anteriorly. This is fully continuous 
with a posteromedial flange, and the two 
processes form a continuous lip on the 
anterior and medial surfaces of the promon¬ 
torium. 

On the pars canalicularis, the tegmen 
tympani is inflated, occupying approximately 
one-third the ventrolateral surface of the 
promontorium. Its anterior process is clearly 
distinct from the epitympanic wing and 
terminates in a blunt knob. Where the 
tegmen tympani meets the external acoustic 
meatus posteriorly, there is a spike-shaped 
ventrolateral tuberosity. The ventral surface 
of the fossa for the tensor tympani is a thin 
sheet of bone that forms a partial hood 
ventrally over the facial sulcus. The second¬ 
ary facial foramen opens anterior to the 
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Fig. 13. Ventrolateral (tympanic) views of left petrosal of Antilocapra americana (UC-MVZ 96100) 
(Ruminantia, Antilocapridae). Damaged areas are hatched. Scale = 1 cm. 
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Fig. 14. Dorsomedial (cerebellar) views of left petrosal of Antilocaprci americana (UC-MVZ 96100) 
(Ruminantia, Antilocapridae). Damaged areas are hatched. Scale = 1 cm. 
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Fig. 15. Dorsolateral views of left petrosals of Antilocapra americana (UC-MVZ 96100) (Ruminantia, 
Antilocapridae), Bos taurus (SB MAR 14) (Ruminantia, Bovidae), and Ovis aries (SB MAR 30) 
(Ruminantia, Bovidae). Dorsomedial and ventrolateral surfaces are gray. Damaged areas are hatched. 
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Fig. 16. Ventromedial views of left petrosals of Antilocapra americcina (UC-MVZ 96100) (Ruminantia, 
Antilocapridae), Bos taurus (SB MAR 14) (Ruminantia, Bovidae), and Ovis aries (SB MAR 30) 
(Ruminantia, Bovidae). Dorsomedial and ventrolateral surfaces are gray. Damaged areas are hatched. 

















46 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 335 




Antilocapra americana 


dorsal 


medial 



prefacial commissure fossa: absent 






Fig. 17. Anterior views of left petrosals of Antilocapra americana (UC-MVZ 96100) (Ruminantia, 
Antilocapridae), Bos taurus (SB MAR 14). (Ruminantia, Bovidae), and Ox is aries (SB MAR 30) 
(Ruminantia, Bovidae). Ventrolateral surface is gray. 
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fenestra vestibuli. The facial sulcus extends as 
a clear groove that winds lateral to the oval 
stapedial muscle fossa and terminates at the 
stylomastoid notch. The notch extends pos¬ 
teriorly along the mastoid region. A distinct 
crista parotica runs along the medial edge of 
the epitympanic recess to the base of the 
tympanohyal attachment medially. The epi¬ 
tympanic recess is an indistinct area dorso¬ 
lateral to the facial sulcus. The fossa for the 
head of the malleus and the fossa incudis are 
not well defined. The external acoustic 
meatus is a rough-textured, shallow trough. 
The caudal tympanic process starts as a small 
shelf posterior to the fenestra cochleae and 
extends medially. The mastoid region is large, 
with a triangular shape in ventrolateral view 
(the apex is situated proximally). The mas¬ 
toid region has a rough surface texture and 
forms an angle of approximately 130° with 
the pars cochlearis (e.g., pars cochlearis 
protrudes medially). 

The ventrolateral surface (fig. 4) has sev¬ 
eral contacts with the tympanic. A small 
contact exists between the anterior crus of the 
ectotympanic and the ventrolateral tuberos¬ 
ity, and a much more extensive, highly 
roughened contact exists between the poste¬ 
rior crus of the ectotympanic and the mastoid 
region. The anterolateral aspect of the bulla 
contacts the anterior process of the tegmen 
tympani but does not fuse to it. The contact 
with the anterior process of the tegmen 
tympani is particularly extensive and rough 
textured. The bulla also contacts a lip of bone 
made by the epitympanic wing, the postero¬ 
medial flange, and the caudal tympanic 
process along medial sides of the petrosal. 
Posteriorly, there is also a point of contact 
between the bulla and the posteromedial 
aspect of the mastoid region. 

The dorsomedial surface (fig. 14) has an 
oval, smooth pars cochlearis offset against a 
pyramidal, cancellous mastoid region. The 
internal acoustic meatus has a rounded 
ventromedial margin but has more poorly 
defined, open dorsal and anterior edges. It 
has a distinct crease at its dorsal margin. The 
crista transversa is a small and sharp ridge. 
The tegmen tympani is moderately inflated; 
no prefacial commissure fossa is present, and 
the area superior to the internal acoustic 
meatus is flat. Anteriorly, the epitympanic 


wing is visible where it conies to a sharp point 
positioned about halfway between the dorsal 
and ventral margins of the bone. Extending 
anteroventrally from the apex of the epitym- 
panic wing, and running posteriorly, is a 
delicate raised crest, which marks the border 
of the basicapsular groove. The groove 
extends along the flattened inferior margin 
of the petrosal. A strong triangular bony 
spike extends dorsally from this medial sur¬ 
face. There is a also hint of this structure in 
the cervid Odocoileus virginianus, but it is so 
poorly developed that this has not been 
added as a character here for the phyloge¬ 
netic analysis. Anterior to this spike is a very 
small slit-shaped cochlear aqueduct. Poste¬ 
rior to the spike is a larger opening for the 
vestibular aqueduct that emerges from under 
the spike of bone just noted. Posterior to the 
internal acoustic meatus is a gentle ridge that 
defines the anterior border of an extremely 
shallow subarcuate fossa, which has no 
petromastoid canal. This area tapers into a 
second very shallow, smooth, and flat area 
that terminates at the cancellous posterior 
expansion of the mastoid region (here not 
fully preserved). 

The dorsolateral surface (fig. 15) is very 
flat, forming a firm right angle with both the 
dorsomedial and tympanic surfaces. The 
tegmen tympani projects slightly dorsal to 
the ventrolateral surface; its anterior process 
has an indistinct, knob-shaped anterior 
termination. There is a small hiatus Fallopii 
tucked deeply under the anterior process of 
the tegmen tympani. The distinct ventrolat¬ 
eral tuberosity is a flattened spike; positioned 
just posterior to it is the external acoustic 
meatus. The mastoid region is large and 
wedge-shaped. 

Ventromedially (fig. 16), the bone has a 
narrow, semitriangular outline. The medial 
pars cochlearis surface is planar and widest 
posteriorly. The basicapsular groove does not 
assume a strict, groove shape, and its medial 
edge is rugose. As noted above, a spike 
projects medioventrally and can be seen in 
this view also. At the base of this spike is a 
small, slit-shaped cochlear aqueduct. The 
stylomastoid notch is an anteroposteriorly 
oriented trough along the medial margin of 
the mastoid. The mastoid region is large and 
wedge-shaped and has a mastoid exposure 
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(partly visible in medial view). This was an 
area of roughened bone exposed as a triangle 
on the external surface of the skull, with the 
apex positioned superiorly. The mastoid 
plate is absent. 

Anteriorly (fig. 17), the flat shape of the 
tegmen tympani is clear, as is the absence of 
the prefacial commissure fossa. The hiatus 
Fallopii is offset slightly toward the dor- 
somedial surface. 

Artiodactyla - Ruminantia - Pecora - 
Bovidae 

Bos TAURUS 
Figures 15-20 

The petrosal anatomy of this species and 
associated soft tissues were described pre¬ 
viously by Wilkie (1936). The specimen 
described here is damaged in the mastoid 
region, having been fused in place; it had to 
be cut to be removed. 

On the pars cochlearis, the surface of the 
promontorium (fig. 18) is smooth overall 
with a number of crests on the anterior and 
medial margins. The fenestra cochleae is 
larger than the fenestra vestibuli; both have 
an oval shape. They are separated by a 
relatively narrow crista interfenestralis that 
gives rise to a small spike. There are double 
transpromontorial sulci present that are most 
conspicuous about 1 cm anterior to the 
fenestra cochleae. These sulci fade toward 
the anterior aspect of the promontorium. 
There is an extremely faint sulcus running 
laterally toward the fenestra vestibuli, but it 
is so poorly defined that I consider the sulcus 
for the stapedial artery to be absent. Wilkie 
(1936: 996) also noted of this taxon that “no 
vessel of any notable size passes through the 
aperture [stapedial foramen of the stapes] in 
the ox.” A large, clearly defined, oval fossa 
for the tensor tympani muscle is present. 
Extending from the promontorium is an 
epitympanic wing that terminates in a point. 
It is joined to a crest that extends onto the 
ventromedial surface of the pars cochlearis. 
The epitympanic wing is continuous with a 
posteromedial flange. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated, accounting 


for approximately one-third the width of the 
bone in tympanic view. The anterior process 
of the tegmen tympani ends as a blunt knob 
but sits adjacent to a small, irregular spike. 
Deep to the blunt anterior process is the 
relatively small hiatus Fallopii. Posterior to 
the fossa for the tensor tympani, and divided 
from it by a subtle, but sharp, ridge, is an 
extensive epitympanic recess. The epitympa¬ 
nic recess is a shallow area offset ventrally 
from the secondary facial foramen. The fossa 
for the head of the malleus is shallow and 
indistinct. The facial sulcus emerges from a 
triangular-shaped secondary facial foramen 
(with the apex of the foramen pointing 
anteriorly). Extending from this, and dividing 
the epitympanic recess area from the facial 
sulcus, is a well-defined crista parotica, a 
ventrally offset ridge that clearly extends to 
the base of the site of attachment for the 
tympanohyal. The facial canal is distinct and 
passes lateral and posterior to the stapedial 
muscle fossa. The stapedial muscle fossa is a 
deep, oval trough spanning the area posterior 
to both the fenestra cochleae and the fenestra 
vestibuli. An extensive caudal tympanic 
process extends medially from the posterior 
aspect of the fenestra cochleae. It is contin¬ 
uous with the posteromedial flange and it 
bends ventrally at its medial extreme. The 
pars cochlearis does not protrude medially 
relative to the mastoid region. The mastoid 
region is large and wedge-shaped. 

The petrosal contacts the ectotympanic in 
several places (fig. 19). The anterior and 
posterior crura of the ectotympanic contact 
the petrosal at two large areas that may have 
been fused to the petrosal. Anterior to this, 
the bulla contacts the anterior process of the 
tegmen tympani over an extensive, smooth 
circular area. The bulla also contacted the 
petrosal at the medial and posterior aspects 
of the pars cochlearis, particularly the postero¬ 
medial flange. The bulla also had a small 
contact in the area of the caudal tympanic 
process. 

The dorsomedial (fig. 20) surface of this 
specimen is roughly rectangular in outline. 
The internal acoustic meatus is the only 
pronounced depression on the dorsomedial 
surface, and the bone surrounding it is 
smooth. The internal acoustic meatus is well 
defined at its ventromedial edge but open and 
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fenestra vestibuli 
epitympanic wing: present 


promontorium shape: hemi-ellipsoid 


transpromontorial sulcus: present 
double: present 


sulcus for stapedial artery: absent 
posteromedial flange: present 


hiatus Fallopii 
distinct hole at anterior 

tegmen tympani. present ar ,terior process of the 

(out of view) tegmen tympani: present 

Ijj size: small 

\*® ' apex: blunt 


crista iruerfmestralis 


medial protrusion 
of pars cochlearis: 
absent 





fenestra 
cochleae 

caudal tympanic 
process: 

mediolaterally broad 


spike 

stapedial 
muscle fossa''} 


mastoid region: 
size: large 
shape: wedge 



L. 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

round/oval fossa for 
tensor tympani: present 
excavates tegmen 
tympani: absent 

secondary facial foramen 
position: anterior 

ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head 
of malleus: absent 


external acoustic meatus 
facial sulcus 


crista 

parotica 


stylomastoid notch 


tympanohyal attachment site 




fenestra vestibuli 

epitympanic wing: present 


hiatus Fallopii 
distinct hole at anterior 
tegmen tympani: present 
(out of view) 


promontorium shape: hemi-ellipsoid 


transpromontorial sulcus present 
double: present 

sulcus for stapedial artery: absent 


posteromedial flange: present 


crista interfenestralis 


medial protrusion 
of pars cochlearis: 
absent 


mastoid region: 
size: large 
shape: wedge 


fenestra 

cochleae 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

round/oval fossa for 
tensor tympani: present 
excavates tegmen 
tympani: absent 

secondary facial foramen 
position: anterior 


ventrolateral tuberosity: 
absent 

epitympanic recess 

distinct fossa for head 
of malleus: absent 


caudal tympanic 
process: 

mediolaterally broad 

stapedial muscle fossa 

stylomastoid notch 


external acoustic meatus 
facial sulcus 
crista parotica 
tympanohyal attachment site 


Fig. 18. Ventrolateral (tympanic) views of left petrosal of Bos taurus (SB MAR 14) (Ruminantia, 
Bovidae). Scale = 1 cm. Areas of broken bone are hatched. 
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anterior 
ectotympanic 
crus/tube contact: 
present 


medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


posterior 

bulla 

contact: 

present 


posterior 
ectotympanic 
crus/tube contact: 


contact, present 
size: large 
texture: fused 


anterior bullar 
contact: present 
fusion: absent 


anterior 

L 


dorsolateral 



medial bulla 
contact: 


posterior 

bulla 

contact: 

present 


anterior 
ectotympanic 
crus/tube contact: 
absent 


posterior 

ectotympanic 

crus/tube 

contact: 

contact: present 
size: small 
texture, rough 


Bos taurus 


Ovis aries 



anterior bulla 
contact: present 
fusion: absent 


anterior 
ectotympanic 
crus/tube contact: 
absent 


medial bulla 
contact: 


ectotympanic 

crus/tube 

contact: 


contact: present 
size: large 
texture: rough 


posterior bulla 
contact: present 


posterior 


Cervus elaphus 



anterior 

ectotympanic 

crus/tube 

contact: 

present 


medial bulla 
contact: 


anterior bulla contact: present 
fusion; absent 


posterior 

ectotympanic 

crus/tube 

contact: 

contact: present 
size: small 
texture: smooth 


posterior 

bulla 

contact: 

present 


Odocoileus virginianus 


Fig. 19. Tympanic contacts (black lines) with ventrolateral petrosal for Bos taurus (SB MAR 14) 
(Ruminantia, Bovidae), Ovis aries (SB MAR 30) (Ruminantia, Bovidae), Cervus elaphus (UC-MVZ 
134134) (Ruminantia, Cervidae), and Odocoileus virginianus (SB MAR 20) (Ruminantia, Cervidae). 
Dotted lines indicate uncertain borders. 
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foramen acusticum inferius 


mastoid region: — 
size: large 
shape: wedge 


hiatus Fallopii distinct • 
hole at anterior tegmen 
tympani: present 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


prefacial commissure 
foramen acusticum superius 


crista transversa 


IlCI IUI 

L 


dorsolateral 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


surface around 

internal acoustic meatus: smooth 


cochlear aqueduct 
position: ventral 


vestibular aqueduct 


subarcuate fossa: present 
shape: wide and shallow 

petromastoid canal: absent 



vestibular aqueduct 


subarcuate fossa: present 
shape: wide and shallow 
petromastoid canal: absent 


surface around 

internal acoustic meatus: smooth 


mastoid region:- 

size: large 
shape: wedge 


rumen acusticum in ferius 


cochlear aqueduct 
position: ventral 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


hiatus Fallopii distinct - 
hole at anterior tegmen 
tympani: present 


prefacial commissure 

prefacial commissure fossa: absent 

foramen acusticum superius 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


crista transversa 


Fig. 20. Dorsomedial (cerebellar) views of left petrosal of Bos taurus (SB MAR 14) (Ruminantia, 
Bovidae). Scale = 1 cm. 








52 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 335 


creased at its dorsolateral edge. Set deeply 
within the internal acoustic meatus is the 
crista transversa. The dorsal surface sur¬ 
rounding the internal acoustic meatus is 
generally smooth. At the most anterior 
extreme the epitympanic wing is visible from 
this side. The basicapsular groove is posi¬ 
tioned fully on the ventromedial side, and it is 
distinguished by a jagged border that starts 
near the apex of the epitympanic wing. There 
is no prefacial commissure fossa. Posterior to 
the internal acoustic meatus is a very shallow, 
indistinct subarcuate fossa. There is no 
petromastoid canal. The vestibular aqueduct 
opens posterior to the internal acoustic 
meatus through a slit. The cochlear aqueduct 
is a distinct, round hole, inferomedial to the 
internal acoustic meatus. The mastoid region 
extends well beyond the subarcuate fossa as a 
large, wedge-shaped flange of cancellous 
bone. 

In dorsolateral view (fig. 15) the moder¬ 
ately inflated tegmen tympani is smooth and 
very flat. It forms a right angle with the 
dorsomedial and tympanic surfaces of the 
bone. Its anterior process was small and 
blunt-tipped. Posteriorly, the tegmen tym¬ 
pani exhibits a gentle concavity and becomes 
increasing cancellous. The ventrolateral tu¬ 
berosity is absent and there are no vascular 
grooves on this surface. The mastoid region 
had fused with surrounding bones in life and 
was large and wedge-shaped. 

Ventromedially (fig. 16), the anterior edge 
of the pars cochlearis is distinguished by two 
crests. The basicapsular groove lies between 
these and is well separated from an elongate 
crest on the dorsomedial surface. The medial 
surface is flat and widens posteriorly for an 
overall triangular shape. The stylomastoid 
notch extends posteriorly along the mastoid 
region. The cochlear aqueduct is closest to 
the dorsomedial surface and is a small hole. 
Due to fusion of the bone in this specimen, 
the posterior part of the promontorium is not 
intact, and its cancellous internal structure is 
exposed. Posteriorly, there was mastoid 
exposure on the external surface of the skull 
that had a roughened surface texture. The 
mastoid plate is absent. 

In anterior view (fig. 17) the distinct, 
anteriorly positioned hiatus Fallopii can be 
seen as laterally offset, closer to the tympanic 


surface than to the dorsomedial surface of 
the bone. The opening is small and tucked 
deep within the anterior process of the 
tegmen tympani. The flat surface of the 
inflated tegmen tympani is also apparent. 
The flattened tegmen tympani extends medi¬ 
ally, roofing the dorsomedial surface slightly. 
There is no prefacial commissure fossa; the 
bone superior to the internal acoustic meatus 
meets the tegmen tympani at a right angle. 

Artiodactyla - Ruminantia - Pecora - 
Bovidae 

O VIS ARIES 

Figures 15-17, 19, 21-22 

The ventrolateral surface (fig. 21) of the 
petrosal has a smooth, hemi-ellipsoid pro¬ 
montorium that is swollen anterior to the 
fenestra cochleae. The fenestra cochleae 
opens posteriorly and is large and round by 
comparison with the fenestra vestibuli, which 
is a small, elongate oval. No sulci are present 
on the promontorium. The crista interfenes- 
tralis creates a broad separation between 
these two fenestrae. The fossa for the tensor 
tympani is a large, oval trough that excavates 
the dorsolateral margin of the tegmen tym¬ 
pani. The fossa has a sharp, clearly defined 
edge at the posterior margin. An epitympanic 
wing extends from the promontorium and is 
marked medially by a rugose ridge of bone. It 
forms a point anteriorly. The promontorium 
also gives rise to a posteromedial flange that 
curves ventrally. At the posterior margin of 
the posteromedial flange is a small foramen. 

On the pars canalicularis, a moderately 
inflated tegmen tympani flanks the dorsolat¬ 
eral surface of the promontorium and termi¬ 
nates as a blunt, inconspicuous anterior 
process that does not extend significantly 
anterior to the pars cochlearis. A small, 
round hiatus Fallopii is tucked deep into 
the anterior process of the tegmen tympani. 
Posterior to the fossa for the tensor tympani 
is a thin bony ledge that forms the external 
surface of the secondary facial foramen. This 
foramen occupies a relatively anterior posi¬ 
tion, as it opens onto the shallow facial 
sulcus. The bony ledge covering the foramen 
is contiguous laterally with a ridge, the crista 
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hiatus Fallopii distinct hole 
at anterior tegmen tympani: present 

epitympanic wing: present 


secondary facial foramen 
position: anterior 

fenestra vestibuli 


anterior process of the 
tegmen tympani: present 
size: smalt 
apex: blunt 


promontorium shape: 
hemi-ellipsoid 


transpromontorial sulcus: absent -JcjJ 
sulcus for stapedial artery: absent 

L 

posteromedial flange: present 




uei iui 

L 


dorsolateral 


foramen 

fenestra cochleae 
stapedial muscle fo. 

caudal tympanic process: 
mediolaterally broad 


medial protrusion 
of pars cochlearis: present 


-mastoid region: 
size: large 
— shape: wedge 


facial sulcus 

foramen 


tegmen tympani: 
shape: fiat 
inflation: present 
degree: moderate 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head of malleus: absent 

external acoustic meatus 


crista parotica 
crista interfenestralis 

tympanohyal 
stylomastoid notch 




epitympanic wing: present 


secondary facial foramen 
position: anterior 

fenestra vestibuli 

promontorium shape: hemi-ellipsoid 

transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 


crista interfenestralis 


posteromedial 
flange: present 


foramen 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 


-mastoid region: 
size: large 
shape: wedge 


stapedial muscle fossa 
facial 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

hiatus Fallopii distinct hole 
'it anterior tegmen tympani: present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head 
of malleus: absent 

external acoustic meatus 
crista parotica 


tympanohyal attachment site 
stylomastoid notch 


foramen 


medial protrusion 

of pars cochlearis: present 


Fig. 21. Ventrolateral (tympanic) views of left petrosal of Ovis aries (SB MAR 30) (Ruminantia, 
Bovidae). Scale = 1 cm. 
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anterior 


t 

1 - >■ ventromedial 



basicapsular groove: present 
position: dorsal 


cochlear aqueduct (out of view) 
position: ventral 

foramen acusticum infer ins 
vestibular aqueduct 


foramen acusticum superius 


prefacial commissure fossa: absent 


mastoid region: - 
size: large 
shape: wedge 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


crista transverse 


internal acoustic meatus 


surface around 

internal acoustic meatus: smooth 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


knob 


subarcuate fossa: present 
shape: wide and shallow 


petromastoid canal: absent 



mastoid region: 
size: large 
shape: wedge 


vestibular aqueduct 


foramen acusticum superius 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial 


crista 

transversa 


surface around internal 
acoustic meatus: smooth 


foramen acusticum inferius 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


internal acoustic meatus 


prefacial commissure fossa: absent 


subarcuate fossa: present 
shape: wide and shallow 

petromastoid canal: absent 


basicapsular groove: present 
position .dorsal 


cochlear aqueduct (out of view) 
position: ventral 


Fig. 22. Dorsomedial (cerebellar) views of left petrosal of Ovis dries (SB MAR 30) (Ruminantia, 
Bovidae). Scale = 1 cm. 


parotica, a crest that extends to the base of 
the tympanohyal. In this specimen (fig. 21, 
drawing), the tympanohyal remains attached 
and extends several centimeters ventrally 
from the petrosal. The tip of the tympa- 


nohyal is wider than the base and has a small 
depression. The base of the tympanohyal, 
near its attachment, is mediolaterally com¬ 
pressed (fig. 21, photograph), attaching to an 
elongate ridge lateral to the wide stylomas- 
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toid notch. Immediately lateral and posterior 
to the facial sulcus is the epitympanic recess, 
which has a poorly defined fossa for the head 
of the malleus. There is no conspicuous 
ventrolateral tuberosity anterior to the pe¬ 
trosal contribution to the external acoustic 
meatus. Posterior to the fenestra vestibuli 
and fenestra cochleae is a deeply set, oval 
stapedial muscle fossa. On the ventromedial 
side of the tympanohyal is an extension of the 
facial sulcus along the mastoid region that 
ultimately forms the stylomastoid notch. The 
ventromedial border of the stylomastoid 
notch is pierced by a small, incompletely 
closed foramen. There is a distinct caudal 
tympanic process, which is a lip of bone that 
extends medially from the posterior aspect of 
the fenestra cochleae. The pars cochlearis is 
offset at an angle (protrudes) relative to the 
mastoid region. 

Only the posterior crus of the ectoympanic 
contacts the mastoid region, at an oval, 
roughened area (fig. 19). The anterior crus 
of the ectotympanic does not contact the 
petrosal. The anterior process of the tegmen 
tympani has a flat, gently concave surface 
that articulates broadly with the bulla. The 
bulla also has extensive contact with the 
ventromedial edge of the pars cochlearis 
along the posteromedial flange. The flattened 
caudal tympanic process also wraps external 
to the bulla. The posterior aspect of the bulla 
contacts the mastoid region. 

The dorsomedial surface of the petrosal 
(fig. 22) is smooth with a conspicuous epi¬ 
tympanic wing that extends anteriorly as a 
point. The internal acoustic meatus is an oval 
opening that is well defined and is surrounded 
by smooth bone. It is divided internally by a 
sharp, crestlike crista transversa. There is a 
small knob that projects endocranially from 
the tegmen tympani; there is no prefacial 
commissure fossa. The basicapsular groove 
runs from the epitympanic wing along the 
ventromedial border of the bone. It is roofed 
dorsally as a scalloped, sharp crest. The 
subarcuate fossa is separated from the inter¬ 
nal acoustic meatus by a low ridge, and it is 
very shallow and indistinct with no petro- 
mastoid canal. The mastoid region posterior 
to the subarcuate fossa is wedge-shaped and 
comes to a point posteriorly. The vestibular 
aqueduct is positioned on the posteroventral 


aspect of the endocranial surface; just anterior 
to it and posteromedial to the internal 
acoustic meatus is the cochlear aqueduct. 

The dorsolateral surface of the petrosal 
(fig. 15) consists of two separate parts: 
anteriorly there is a smooth, moderately 
inflated, flat tegmen tympani, and posteriorly 
there is a fan-shaped area of cancellous bone 
that is the mastoid region. There are no clear 
vascular grooves. The ventrolateral tuberos¬ 
ity is absent, making the external acoustic 
meatus indistinct in this view. 

The ventromedial surface (fig. 16) of the 
promontorium has several bumps and ridges. 
Most anteriorly is the small bony crease that 
indicates the basicapsular groove, roofed by a 
jagged sharp crest. The ventromedial surface 
of the pars cochlearis is flat, not a sharp edge 
as in some taxa, and the basicapsular groove 
was situated closest to the dorsomedial sur¬ 
face. Also on this surface is the cochlear 
aqueduct, which is tucked deeply into the 
medial surface of the bone. The medial side of 
the caudal tympanic process appears platelike 
in this view and has a distinct foramen. The 
soft tissue structure associated with this 
foramen is unknown to me although it 
appears to be close to the area typically 
traversed by the internal carotid artery (which 
is not supposed to be present in ruminants 
[Schummer et al., 1981]). A square knob sits 
just anterior to the fan-shaped, cancellous 
portion of the mastoid region. Posteriorly, the 
mastoid exposure was a rough, elongate oval 
area on the external surface of the braincase 
(fig. 2D). The mastoid plate is absent. 

Anteriorly (fig. 17), the flat tegmen tym- 
pani can be seen forming a right angle with 
the dorsomedial surface of the bone. There is 
no prefacial commissure fossa. The small 
hiatus Fallopii is tucked deep into the anterior 
process of the tegmen tympani and offset 
slightly toward the ventrolateral surface. 

Artiodactyla - Ruminantia - Pecora - 
Cervidae 

Cervus elaphus 
Figures 19, 23-27 

The ventrolateral surface of the petrosal 
(fig. 23) has a promontorium that is hemi- 
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epitympanic wing: present 
promontorium shape: 


secondary facial foramen 
position: anterior 
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tuberosity: present 
shape: spike 


external acoustic meatus 


crista parotica 
facial sulcus 


transpromontorial sulcus: absent 


sulcus for stapedial 
artery: absent 


anterior process of the anterior 

tegmen tympani: present 
size: small 
apex: blunt 
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distinct hole at anterior tegmen tympani 
(out of view): present 
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tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for 
tensor tympani: present 
excavates tegmen 
tympani: present 


epitympanic recess 

distinct fossa for 
head of malleus: absent 


fenestra vestibuli 
crista interfenestralis 
fenestra cochleae 


posteromedial flange: present 




caudal tympanic process: 
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_ stapedial muscle fosse 
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medial protrusion 
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-mastoid region: 
size: large 
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tympanoh: 




anterior process of the — 
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epitympanic wing: present 
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fenestra cochleae 
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(out of view) 
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of pars cochlearis: present 
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size: large 
shape: wedge 


stylomastoid notch 


tympanohyal 


hiatus Fallopii 
distinct hole at anterior 
tegmen tympani (out of view): present 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for 
tensor tympani: present 
excavates tegmen 
tympani: present 


secondary facial foramen 
position: anterior 
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tuberosity: present 
shape: spike 
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distinct fossa for 
head of malleus: absent 


external acoustic meatus 


crista parotica 


facial sulcus 


Fig. 23. Ventrolateral (tympanic) views of left petrosal of Cervus elaphus (UC-MVZ 134134) 
(Ruminantia, Cervidae). Scale = 1 cm. 
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anterior 



crista transversa 


prefacial 

foramen acusticum superius 

tegmen tympani: 
inflation: present 
degree: moderate 
shape; flat 


prefacial commissure 
fossa: absent 




mastoid region: 
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shape: wedge 


hiatus Fallopii 
distinct hole at 
anterior tegmen 
tympani: present 
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1 -► ventromedial 


internal acoustic meatus 


around 

internal acoustic meatus: smooth 


groove: present 
position: dorsal 


vestibular aqueduct 
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shape: wide and shallow 
petromastoid canal: absent 


foramen acusticum inferius 
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shape: wide and shallow 
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tegmen tympani: 
inflation: presen 
degree: moderate 
shape: flat 


basicapsular groove: present 
position: dorsal 


foramen acusticum inferius 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


internal acoustic meatus 


surface around 

internal acoustic meatus: smooth 


mastoid region:— 
size: large 
shape: wedge 


cochlear aqueduct 
position: ventral 

vestibular aqueduct 


Fig. 24. Dorsomedial (cerebellar) views of left petrosal of Cervns elaphus (UC-MVZ 134134) 
(Ruminantia, Cervidae). Scale = 1 cm. 
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ventrolateral tuberosity 
present 
shape: spike 


mastoid region: 
size: large 
shape: wedge 



anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 

tegmen tympani: 
shape: flat 
inflation: present 
degree of 
inflation: moderate 


vascular groove: 
absent 


squamosal 

Cervus elaphus 



ventolateral tuberosity: present 
shape: spike 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 



mastoid region: 
size: large 
shape: wedge 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

vascular groove: absent 

tegmen tympani: 
shape: flat 
inflation: present 
degree of 
inflation: moderate 


Odocoileus virginianus 



ventrolateral tuberosity: present 
shape: spike 



mastoid region: 
size: large 
shape: wedge 


hiatus Fallopii distinct hole 
at anterior tegmen tympani: present 

anterior process of the 

tegmen tympani: present 
size: small 
apex: blunt 

vascular groove: present 

tegmen tympani: 
shape: flat 
inflation: present 
degree of 
inflation: moderate 


Giraffa Camelopardalis 



Fig. 25. Dorsolateral views of left petrosals of Cervus elaphus (UC-MVZ 134134) (Ruminantia, 
Cervidae), Odocoileus virginianus (SB MAR 20) (Ruminantia, Cervidae), and Giraffa Camelopardalis (UC- 
MVZ 55146) (Ruminantia, Giraffidae). Dorsomedial and ventrolateralsurfaces are gray. Hatched surface 
indicates fused squamosal. 
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medial 


anterior 

J 






Fig. 26. Ventromedial views of left petrosals of Cervus elaphus (UC-MVZ 134134) (Ruminantia, 
Cervidae), Odocoileus virginianus (SB MAR 20) (Ruminantia, Cervidae), and Giraffa Camelopardalis (UC- 
MVZ 55146) (Ruminantia, Giraffidae). Dorsomedial and ventrolateral surfaces are gray. 
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prefacial commissure fossa: absent 

tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: small 


promontorium shape: 
hemi-ellipsoid 


Cervus elaphus 





Giraffa Camelopardalis 




Fig. 27. Anterior views of left petrosals of Cervus elaphus (UC-MVZ 134134) (Ruminantia, Cervidae), 
Odocoileus virginianus (SB MAR 20) (Ruminantia, Cervidae), and Giraffa Camelopardalis (UC-MVZ 
55146) (Ruminantia, Giraffidae). Ventrolateral surfaces are gray. 
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spherical with a bulbous central area anterior 
to the fenestra cochleae. The fenestra co¬ 
chleae is slightly larger than the fenestra 
vestibuli; both have an oval outline, and they 
are separated by a wide crista interfenestralis. 
The epitympanic wing is the most anteriorly 
projecting aspect of the bone. No sulci are 
present on the promontorium. The fossa for 
the tensor tympani muscle is a large, oval 
depression at the anterolateral aspect of the 
promontorium; it partially excavates the 
anterior aspect of the tegmen tympani 
adjacent to it. A sharp ridge divides the fossa 
for the tensor tympani such that there is a 
second oval depression in the roof of the 
petrosal (particularly clear in fig. 23, photo¬ 
graph) just anterior to the secondary facial 
foramen. This is a deep excavation in the 
tegmen tympani. The promontorium gives 
rise to a substantial epitympanic wing that 
ends in a point anteriorly. It is fully 
continuous with a posteromedial flange, such 
that the two form a lip around the promon¬ 
torium on its anterior and medial sides. 

On the pars canalicularis, the tegmen 
tympani is inflated and terminates in a blunt 
anterior process. Just posterior to the ante¬ 
rior tip of the anterior process is a ridge, deep 
to which is a small slit for the hiatus Fallopii. 
Posterior to this contact is a sharp, spike¬ 
shaped ventrolateral tuberosity that formed 
the anterior border of the external acoustic 
meatus. The external acoustic meatus is 
oriented posterolaterally. The epitympanic 
recess area lacks a large fossa for the head of 
the malleus such as seen in cetaceans. The 
epitympanic recess is bordered medially by 
the crista parotica, which extends posteriorly 
and to the base of a large tympanohyal. The 
tympanohyal projects ventrally several cen¬ 
timeters. Its blunt, widened ventral tip is 
gently convex. Medial to the epitympanic 
recess is the anteriorly positioned secondary 
facial foramen opening onto the facial sulcus, 
with the latter being a slitlike structure 
covered by a thin sheet of bone ventrally. 
The secondary facial foramen itself comes to 
a point anteriorly. The facial sulcus continues 
lateral and posterior to the oval stapedial 
muscle fossa terminating as a distinct channel 
medial to the tympanohyal at the stylomas¬ 
toid notch. The pars cochlearis protrudes 
medially relative to the mastoid region, such 


that the two meet at an angle of approxi¬ 
mately 130°. 

There are several points (fig. 19) of contact 
between the tympanic and the petrosal. Of 
the ectotympanic, only the posterior crus 
contacted the petrosal. This contact was an 
elongate, roughened articulation on the 
medial side of the tympanohyal on the 
mastoid region. The bulla contacted a broad, 
smooth, concave facet on the anterior process 
of the tegmen tympani. The bulla also had 
extensive contact with the medial border of 
the pars cochlearis. A ventrally oriented lip 
that extended from the posteromedial flange 
and the caudal tympanic process wrapped 
external to the medial and posterior bulla. 

The dorsomedial surface of the petrosal 
(fig. 24) of this species is smooth anteriorly in 
the region of the internal acoustic meatus. A 
moderately wide crista transversa divides the 
internal acoustic meatus. There is no pre¬ 
facial commissure fossa. Dorsal to the inter¬ 
nal acoustic meatus is a large, anteromedially 
oriented knob. Anteromedially, emerging 
from the conspicuous epitympanic wing (the 
most anterior point visible on this side) is a 
jagged pair of crests, the more medial of 
which runs the full length of the pars 
cochlearis. These two crests marked the edges 
of the basicapsular groove. The subarcuate 
fossa is a shallow, anteromedially elongate 
depression. The texture of the subarcuate 
fossa is generally smooth but is also distin¬ 
guished by delicate grooves and pocks. There 
is no petromastoid canal. Ventromedial to 
the subarcuate fossa, the vestibular aqueduct 
opens as a large slit deep to a pointed bony 
process. The cochlear aqueduct is a much 
smaller hole that opens posteroventral to the 
internal acoustic meatus, along the jagged 
ridge that defines the basicapsular groove. 
The mastoid region tapers to a point posteri¬ 
orly, transitioning from smooth in the area of 
the subarcuate fossa to rough and cancellous, 
posterior and ventral to the fossa. It is large 
and wedge-shaped. 

In dorsolateral view, a piece of squamosal 
that is fused to the medial and ventral sides is 
clearly visible. The dorsolateral surface of the 
petrosal (fig. 25) is generally smooth anteriorly 
on the tegmen tympani but also has small 
depressions and small pits. Despite this sculpt¬ 
ing, however, the tegmen tympani lacks any 
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clear vascular grooves. The tegmen tympani is 
flat overall and perpendicular to both the 
tympanic and dorsomedial faces of the bone. 
The fused piece of squamosal blocks the lateral 
view of the ventrolateral tuberosity, which is 
distinctive and spike-shaped. This bone tapers 
to a roughened and highly cancellous mastoid 
region that is large and fan-shaped. 

In ventromedial view (fig. 26) the petrosal 
is a flattened wedge anteriorly and has a 
distinct basicapsular groove on the endocra- 
nial surface. The groove is well defined and 
lacks a jagged border. The groove extends 
much of the length of the pars cochlearis 
until the cochlear aqueduct, which is a small 
slit tucked within the groove, posteroventral 
to the internal acoustic meatus. The postero¬ 
medial aspect of the pars cochlearis is 
relatively wide and merges with a smooth 
triangular knob that is the medial part of the 
caudal tympanic process. At the base of the 
tympanohyal is a long trough extending from 
the facial sulcus. The large fan shape of the 
mastoid region is also visible. This posterior 
aspect of the bone is highly porous and 
roughened, expanding conspicuously to 
either side of the promontorium. There is 
extensive mastoid exposure posteriorly, 
which is partly visible in ventromedial view. 
The exposed mastoid area is roughly trian¬ 
gular in outline, with the apex at the super- 
iormost angle. There is no mastoid plate. 

The anterior view (fig. 27) provides the 
best exposure of the hiatus Fallopii, which is 
a small slit offset toward the ventrolateral 
side of the bone. The tegmen tympani is flat 
and forms a right angle with the dorsomedial 
surface. As noted above, there is no prefacial 
commissure fossa, and this condition is 
distinctly visible in this view. 

Artiodactyla - Ruminantia - Pecora - 
Cervidae 

Odo coileus virgin ianus 
Figures 19, 25-29 

In ventrolateral view (fig. 28), the pars 
cochlearis has a hemi-ellipsoid-shaped pro¬ 
montorium, which has one primary bulge for 
the cochlea (there is a subtle second one 
farther anteriorly but it is not nearly as 


pronounced). The fenestra cochleae is circular 
and larger than the fenestra vestibuli, which 
assumes a more oval shape. The two fenestrae 
are separated by a moderately wide crista 
interfenestralis. There are no transpromontor- 
ial sulci or sulci for the stapedial artery on the 
promontorium. The fossa for the tensor 
tympani is oval and slightly excavates the 
adjacent tegmen tympani. The promontorium 
tapers to a shelflike epitympanic wing ante¬ 
riorly. This wing is fully continuous with a 
posteromedial flange, such that the two 
projections of bone form a shelf surrounding 
the promontorium both anteriorly and medi¬ 
ally. On the posterior aspect of the postero¬ 
medial flange is an almost complete foramen 
that would appear to be positioned to transmit 
the internal carotid artery; however, this 
artery is allegedly absent in adult ruminants 
(Schummer et al., 1981). This foramen pierces 
the posteromedial flange. In this area, the 
posteromedial flange bends ventrally. 

On the pars canalicularis, the tegmen 
tympani is inflated moderately and accounts 
for approximately one-third the width of the 
petrosal. The anterior process of the tegmen 
tympani is distinct and terminates in a blunt 
apex. Where the tegmen tympani meets the 
external acoustic meatus posteriorly there is a 
sharp, ventrolateral process that is spike¬ 
shaped. The external acoustic meatus is a 
shallow indistinct trough. The external 
acoustic meatus leads on to an epitympanic 
recess with a distinct, rounded pit. Immedi¬ 
ately posterior to the fossa for the tensor 
tympani is an anteriorly positioned second¬ 
ary facial foramen opening onto the facial 
sulcus. A thin sheet of bone covers the 
opening of the secondary facial foramen in 
ventral view, and the secondary facial fora¬ 
men has a pointed apex anteriorly. The facial 
sulcus is a very distinct groove lateral to the 
stapedial muscle fossa. The tympanohyal is 
broken on this specimen but was attached to 
a thin, elongate projection at the end of the 
crista parotica. At the medial margin of the 
tympanohyal is the relatively distinct and 
open stylomastoid notch at the posterior end 
of the long facial sulcus. This taxon has a 
wide caudal tympanic process situated pos¬ 
terior and medial to the fenestra cochleae. It 
is smooth and curls ventrally very slightly at 
its medial edge. It is also fully continuous with 
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epitympanic wing: present 


promontorium shape: 
hemi-ellipsoid 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 


crista interfenestralis 
fenestra cochleae 

posteromedial flange: present 


caudal tympanic process: 
mediolaterally broad 


stapedial 
muscle fossa 


- mastoid region: 
size: large 
shape: wedge 


notch 


-anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


inierior 

L, 


- hiatus Fallopii: distinct hole at anterior 
tegmen tympani (out of view): present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

secondary facial foramen position: anterior 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

ventrolateral tuberosity: present 
shape: spike 

epitympanic recess 

distinct fossa for 
head of malleus: absent 

external acoustic meatus 
crista parotica 


facial canal 


attachment site 
for tympanohyal 


medial protrusion of 
pars cochlearis: present 




transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 


crista interfenestralis 
fenestra cochleae 

posteromedial flange: present 

foramen 


hiatus Fallopii: distinct hole at anterior 
tegmen tympani (out of view): present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 
facial foramen 
position: anterior 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: spike 


epitympanic recess 

distinct fossa for 
head of malleus: absent 


external acoustic meatus 
crista parotica 


attachment site for tympanohyal 


promontorium shape: 
hemi-ellipsoid 


epitympanic wing: 

fenestra vestibuli 


caudal tympanic process: 
mediolaterally broad 

facial 

mastoid region. muscle fossa 
size: large 
shape: wedge 

stylomastoid notch 


medial protrusion of 
pars cochlearis: present 


Fig. 28. Ventrolateral (tympanic) views of left petrosals of Odocoileus virginianus (SB MAR 20) 
(Ruminantia, Cervidae). Scale = 1 cm. 
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cochlear aqueduct position: ventral 


hciiui 

L, 


foramen acusticum superius 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure 
fossa: absent 


surface around 


basicapsular groove: present 
position: dorsal 

internal acoustic meatus 


internal acoustic meatus: 
smooth 


-mastoid region: 
size: large 
shape: wedge 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


crista transverse 


prefacial commissure 


foramen acusticum inferius 


vestibular aqueduct 


knob 


subarcuate fossa: present 
shape: shallow, wide 
petromastoid canal: absent 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 




tegmen tympani: —^ prefacial 

inflation: present commissure 

degree: moderate 
shape: flat 

prefacial commissure fossa: 

foramen acusticum superius 
crista transversa 


inferius 


foramen acusticum 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


surface around 

internal acoustic meatus: 

smooth 


-mastoid region: 
size: targe 
shape: wedge 


vestibular aqueduct 


subarcuate fossa: present 
shape: shallow, wide 
petromastoid canal: absent 


cochlear aqueduct position: ventral 


knob 


Fig. 29. Dorsomedial (cerebellar) views of left petrosal of Odocoileus virginkums (SB MAR 20) 
(Ruminantia, Cervidae). Scale = 1 cm. 
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the posteromedial flange. The mastoid region 
is large (approximately equal to the length of 
the pars cochlearis) and wedge-shaped. The 
pars cochlearis protrudes medially relative to 
the mastoid region, such that the two meet at 
an angle of approximately 130°. 

There is extensive contact between the 
tympanic and the petrosal (fig. 19). The 
posterior crus of the meatal tube, which is 
relatively elongate, has an extensive and 
narrow contact with the mastoid region 
along a smooth ridge. The anterior crus of 
the meatal tube contacts the posterior surface 
of the ventrolateral process, a contact that is 
relatively small by comparison with the size 
of the contact for the posterior crus. The 
bulla itself contacts the anterior process of 
the tegmen tympani over most of its ven¬ 
trolateral surface but does not fuse to it. The 
bulla also contacts most of the ventromedial 
surface of the petrosal including the epitym- 
panic wing, the posteromedial flange, and the 
caudal tympanic process. 

The dorsomedial surface (fig. 29) is smooth 
anteriorly and becomes cancellous toward the 
posterior end of the mastoid region. The 
internal acoustic meatus is relatively circular 
with a fold disrupting the dorsal margin. The 
crista transversa is a delicate ridge tucked deep 
within the internal acoustic meatus. The 
prefacial commissure is a broad and flat bar 
of bone that meets the adjacent tegmen 
tympani at a right angle. There is no prefacial 
commissure fossa. The epitympanic wing is 
visible in this view as a sharp point positioned 
midway between the ventral and dorsal mar¬ 
gins of the bone. Extending posteriorly from 
the epitympanic wing is a subtle crest with a 
jagged, ruffled edge, which extends along the 
anteromedial border to just inferior to the 
internal acoustic meatus. This demarcated the 
basicapsular groove. Posterior to the groove is 
an indistinct, medially oriented triangular knob 
that is also seen in Antilocapra americana , and 
is much better developed in the latter taxon. 
Tucked deep to this protuberance is a small, 
slit-shaped cochlear aqueduct. Posterior to 
this knob is a small shelf of bone that covers a 
very small vestibular aqueduct. Posterior to 
the internal acoustic meatus, and separated 
from it by only a slender ridge, is a 
rectangular shallow depression, the subarcu- 
ate fossa. There is no petromastoid canal. 


Posterior to this is a second square depression 
with a small pit. The mastoid region tapers to 
a point posteriorly. 

The dorsolateral surface (fig. 25) of the 
petrosal is flat and the tegmen tympani forms 
a right angle with the dorsomedial and 
ventrolateral surfaces. The tegmen tympani 
projects slightly over the tympanic surface, 
and its anterior process terminates in a blunt 
end. The ventrolateral tuberosity is a thin, 
projecting spike set adjacent to the tegmen 
tympani. There are no vascular grooves on the 
surface of the tegmen tympani. The wedge- 
shaped mastoid region is thickest toward the 
ventral surface where it forms a rounded 
knob, and it is thinnest toward the dorsal 
surface where it tapers to a thin sheet of bone. 

The ventromedial pars cochlearis (fig. 26) 
widens posteriorly from the anterior tip. The 
smooth, flat anterior part ends about halfway 
along the length of the bone as a knob, which 
is an expanded caudal tympanic process just 
anterior to the mastoid region. There is a lip 
of bone along the pars cochlearis (made by 
the epitympanic wing, the posteromedial 
flange, and the caudal tympanic process) that 
projects toward the tympanic bulla, when 
articulated, and wraps onto its external sur¬ 
face. As noted above, a small foramen 
interrupts this lip of bone adjacent to the 
stylomastoid notch. The cochlear aqueduct is 
a small slit adjacent to this foramen. The 
mastoid region fans into a triangle with a 
rough, cancellous surface. An elongate mas¬ 
toid exposure was present on the lateral 
surface of the skull. There is no mastoid plate. 

In anterior view (fig. 27) the hiatus Fallo- 
pii is small and tucked into the moderately 
inflated anterior process of the tegmen 
tympani. The prefacial commissure fossa is 
absent, as noted above, with the area superi¬ 
or to the commissure being flat and at a right 
angle to the tegmen tympani. 

Artiodactyla - Ruminantia - Pecora - 
Giraffidae 

GlRAFFA CAMELOPARDALIS 

Figures 25-27, 30-32 

In ventrolateral view (fig. 30) the promon- 
torium of the pars cochlearis is hemi-ellipsoid 
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hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


epitympanic wing: present 
promontorium shape: hemi-ellipsoid 


transpromontorial sulcus: present 
double: present 

fenestra 

sulcus for stapedial artery: 
posteromedial flange: present 

crista 

medial protrusion of 
pars cochlearis: present 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad facial sulcus 

groove 

stapedial muscle fossa 

stylomastoid notch 

rympanohyal attachment site 


anterior process of the 
tegmen tympani: present 
size: small 


nterior 

L. 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


secondary facial foramen 
position: anterior 

-tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: spike 

epitympanic recess 

distinct fossa for head of malleus: absent 


external 

acoustic 

meatus 


- mastoid region: 
size: large 
shape: wedge 


crista parotica 



hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 

epitympanic wing: present 

promontorium shape: hemi-ellipsoid 

transpromontorial sulcus: present 
double: present 

fenestra vestibuli 

sulcus for stapedial artery: absent 
posteromedial flange: present 

crista interfenestralis 

medial protrusion of 
pars cochlearis: present 


caudal tympanic process: 
mediolaterally broad 


facial 

stapedial muscle fossa 

stylomastoid notch 


crista parotica 


fenestra cochleae 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


secondary facial foramen position: anterior 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: spike 


epitympanic recess 

distinct fossa for head of malleus: absent 


external 

acoustic 

meatus 


- mastoid region: 
size: large 
shape: wedge 


tympanohyal attachment site 


Fig. 30. Ventrolateral (tympanic) views of left petrosal of Giraffa Camelopardalis (UC-MVZ 55146) 
(Ruminantia, Giraffidae). Hatched area indicates the tympanohyal attachment site. Scale = 1 cm. 
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posterior bulla 
contact: present 


anterior 
ectotympanic 
crus/tube contact: 
present 


medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


posterior ectotympanic 
crus/tube contact: 
contact: present 
size: large 
texture: rough 


Giraffa Camelopardalis 


anterior 


medial bulla 
contact: absent 


t 

1 -► dorsolateral 



anterior bulla 
contact: absent 


anterior 
ectotympanic 
crus/tube contact: 
absent 


posterior bulla 
contact: present 


posterior ectotympanic 
crus/tube contact: 
absent 


Camelus dromedarius 



posterior ectotympanic 
crus/tube contact: absent 


medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


anterior 
ectotympanic 
crus/tube contact: 
absent 



posterior bulla 
contact: absent 


anterior bulla 
contact: absent 


medial bulla 
contact: absent 


anterior 
ectotympanic 
crus/tube contact: 
absent 


posterior 

ectotympanic 

crus/tube 

contact: 

absent 


Poebrotherium sp. Protoceras celer 

Fig. 31. Tympanic contacts with ventrolateral petrosal for Giraffa Camelopardalis (UC-MVZ 55146) 
(Ruminantia, Giraffidae), Camelus dromedaries (SBU MAR 31) (Tylopoda, Camelidae), t Poebrotherium 
sp. (AMNH-VP 140343) (Camelidomorpha, Camelidae), and f Protoceras celer (AMNH-YP 645) 
(fProtoceratidae). Black lines indicate areas of contact with different parts of the tympanic bulla and 
meatal tube. 



68 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 335 


anterior 


crista transversa 



internal acoustic meatus 


basicapsular groove: present 
position: dorsal 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: pre 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 

prefacial commissure fossa: absent 

foramen acusticum superius 

foramen acusticum inferius 


cochlear aqueduct 
position: ventral 


vestibular aqueduct 


subarcuate fossa: present 
shape: wide and shallow 
petromastoid canal: absent 


surface around internal 
acoustic meatus: smooth 


mastoid region: — 
size: large 
shape: wedge 



ventromedial 



mastoid region: - 
size: large 
shape: wedge 


crista transversa 


basicapsular groove: present 
position: dorsal 


cochlear aqueduct 
position: ventral 

vestibular aqueduct 


subarcuate fossa: present 
shape: wide and shallow 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: pres 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefi 


prefacial commissure fossa: absent 


foramen acusticum superius 
foramen acusticum inferius 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


pit petromastoid canal: absent 


Fig. 32. Dorsomedial (cerebellar) views of left petrosal of Giraffa Camelopardalis (UC-MVZ 55146) 
(Ruminantia, Giraffidae). Scale = 1 cm. 


with a ventral projection over the fenestra 
cochleae. The fenestra cochleae is relatively 
round and slightly larger than the more oval 
fenestra vestibuli. The promontorium has 
double transpromontorial sulci. A faint 
sulcus extends toward the fenestra vestibuli 


but it is so faint that this is not scored as a 
sulcus for the stapedial artery. There is a very 
shallow, oval fossa for the tensor tympani 
that does not excavate the tegmen tympani. 
A subtle ridge divides this fossa. The 
promontorium also gives rise to an epitym- 
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panic wing that forms the anteriormost point 
on the petrosal. This is continuous both with 
the adjacent tegmen tympani and also 
medially with the posteromedial flange. A 
complete anterior and medial flange of bone 
rings the promontorium. 

On the pars canalicularis the tegmen 
tympani and the mastoid region are both 
rough in contrast to the smooth promontor¬ 
ium. The tegmen tympani is inflated moder¬ 
ately and consists of approximately one-half 
to one-third the total size of the ventral 
surface of the promontorium. The anterior 
process of the tegmen tympani runs along the 
entire dorsolateral edge of the promontorium 
and terminates just at the anterior extreme of 
the promontorium without extending ante¬ 
rior to it. Posterior to the fossa for the tensor 
tympani is a large opening for the anteriorly 
positioned secondary facial foramen onto the 
facial sulcus. Dorsolateral to this is a 
ventrally displaced shelf of bone, the epitym- 
panic recess. The area surrounding this recess 
is rugose with pits and raised bumps. There is 
one central depression in the epitympanic 
recess, but overall it is difficult to interpret 
the exact position for the fossa for the head 
of the malleus. The external acoustic meatus 
is a shallow, semicircular notch demarcated 
by a tall, thin, spike-shaped ventrolateral 
tuberosity anteriorly. The clear facial sulcus 
wraps lateral and posterior to an oval 
stapedial muscle fossa. The stylomastoid 
notch is positioned at the end of this groove, 
near the base of the attachment site for the 
tympanohyal. The caudal tympanic process is 
knob-shaped, hooked posteriorly, and offset 
by a deep groove at its posterior end. The 
caudal tympanic process also forms an 
extensive shelf posterior to the fenestra 
cochleae. In ventral view, only a small part 
of the mastoid region is visible; it is 
composed of rough, cancellous bone. 

Both the anterior and posterior crura of 
the ectotympanic contacted the petrosal 
(fig. 31). The posterior crus contacted the 
mastoid region at a large, elongate ledge, and 
the anterior crus contacted the ventrolateral 
tuberosity of the petrosal over a small area. 
The anterior tympanic bulla contacted the 
anterior process of the tegmen tympani over 
a large, roughened area but did not fuse to it. 
The medial and posterior tympanic bulla 


contacted the medial and posterior parts of 
the pars cochlearis and the caudal tympanic 
process. 

The dorsal surface (fig. 32) consists of a 
smooth anterior aspect around the internal 
acoustic meatus, which tapers into a cancel¬ 
lous posterior portion. The internal acoustic 
meatus has an elongate oval edge that is 
better defined on the posterior margin. The 
crista transversa is a broad division between 
the foramen acusticum superius and inferius. 
The prefacial commissure fossa is absent. A 
subtle, sharp-edged groove extends from the 
anterior extreme of the petrosal in endocra- 
nial view to the ventral margin where it ends 
inferior to the internal acoustic meatus. This 
marks the basicapsular groove, which is 
present largely on the dorsal surface extend¬ 
ing only slightly onto the medial surface. The 
edge of this groove terminates near the 
cochlear aqueduct, which is relatively large 
and round. Posterodorsal to the internal 
acoustic meatus is a very shallow subarcuate 
fossa with no petromastoid canal. This is 
followed posteriorly by a second shallow pit 
that tapers into the cancellous, triangular 
mastoid region. The vestibular aqueduct is a 
slit distomedial to the subarcuate fossa. 

Dorsolaterally (fig. 25), the moderately 
inflated tegmen tympani is predominantly 
flat and forms a right angle with the 
dorsomedial and tympanic surfaces. It is 
roughest toward the tympanic surface. The 
anterior process of the tegmen tympani 
terminates in a blunt tip. The tegmen 
tympani is characterized by one major (the 
vascular groove) and several minor grooves 
that cross from ventral to dorsal. Posterior to 
the tegmen tympani there is a smooth deep 
pit. The mastoid region has a fan shape and 
the bone is highly cancellous and distin¬ 
guished by several vascular foramina. The 
ventrolateral process is a sharp, projecting 
spike. 

The ventromedial margin (fig. 26) has two 
main divisions: the anterior part consisting of 
the pars cochlearis, which is triangular with a 
flat medial surface, and the pars canalicu¬ 
laris, which consists of the caudal tympanic 
process and the mastoid region, with the 
latter being a large, fan-shaped posterior 
portion. The basicapsular groove extends 
from the dorsal surface briefly onto the 
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medial surface. The small cochlear aqueduct 
is a clear hole (not a slit) on the medial 
surface just anterior to a distinct knob. 
Ventrolateral to the knob is a foramen (noted 
above, fig. 26) that is tucked deep to the 
knoblike caudal tympanic process as it hooks 
posteriorly. The fan-shaped mastoid region is 
highly cancellous and extends dorsal and 
ventral to the promontorium. The posterior 
mastoid exposure was a rough surface, 
shaped as an elongate oval, not a triangle. 

Anteriorly (fig. 27), the flatness of tegmen 
tympani is apparent. A small but distinct hiatus 
Fallopii is offset toward the ventrolateral 
surface and emerges from under a roughened 
anterior process of the tegmen tympani. The 
tegmen tympani does not extend substantially 
over the endocranial or the ventral surface. The 
prefacial commissure fossa is absent, and the 
dorsomedial and dorsoventral surfaces of the 
petrosal meet at a right angle. 

Artiodactyla - Camelidomorpha - 
Camelidae 

Camelus dromedarius 
Figures 31, 33-37 

This bone was firmly sutured to the skull 
posteriorly and had to be cut at its posterior 
margin for removal. The bone overall is 
smooth. 

In ventrolateral view, the pars cochlearis of 
the petrosal (fig. 33) has a hemi-ellipsoid 
promontorium with a gentle convexity ante¬ 
rior to the fenestra cochleae. The fenestra 
cochleae is relatively round and slightly open 
and irregular at its posterior border. The 
fenestra vestibuli is approximately the same 
size as the fenestra cochleae but is much more 
oval. A crista interfenestralis that is relatively 
broad separates the two fenestrae and ex¬ 
tends posterior to the fenestra cochleae. 
There are no conspicuous transpromontorial 
or stapedial artery sulci on the promontor- 
ium. The promontorium tapers anteriorly 
into an epitympanic wing that forms the 
anteriormost part of the petrosal. This is fully 
continuous with the posteromedial flange 
and together these form a lip of bone with 
a jagged edge around the medial and anterior 
aspects of the promontorium. The fossa for 


the tensor tympani muscle is an elongate, 
inconspicuous oval that is very shallow and 
does not excavate the tegmen tympani at all. 
The posteromedial flange gives rise to a 
pyramidal-shaped rostral tympanic process 
that projects ventrally just anterior to the 
cochlear aqueduct on the medial side. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated, accounting 
for approximately one-third the width of the 
ventral surface, and it has a very subtle and 
blunt anterior process that merges closely 
with the epitympanic wing. Posterior to the 
fossa for the tensor tympani is a small pit. 
The secondary facial foramen is lateral and 
slightly posterior to the fenestra vestibuli. It 
is hidden very deeply within the bony cover¬ 
ing that blocks from view much of the path 
of the facial sulcus to the stylomastoid notch. 
The stapedial muscle fossa is not visible due 
to the enclosed nature of this part of the 
petrosal. Due to the fusion of the bulla and 
petrosal it is also difficult to discern the exact 
position of the stylomastoid notch in the 
isolated petrosal (its approximate position is 
indicated). Lateral to the secondary facial 
foramen is a large, round, and shallow 
epitympanic recess, which, in this species, 
exhibits little differentiation for the fossa for 
the head of the malleus. The epitympanic 
recess merges laterally into the petrosal 
contribution to the external acoustic meatus, 
which is defined by tall borders both ante¬ 
riorly and posteriorly. The tympanohyal is 
not preserved in this specimen but its 
hypothesized attachment site is indicated at 
the posterior end of the sinuous crista 
parotica. The caudal tympanic process is a 
wide ledge of bone posterior and medial to 
the fenestra cochleae. It is fully continuous 
with the posteromedial flange. The mastoid 
region is wedge-shaped and relatively large 
(although damaged some in its removal from 
the skull due to fusion). The pars cochlearis 
protrudes relative to the mastoid region with 
a sharp angle between them. 

The ectotympanic meatal tube does not 
appear to contact the petrosal in many places 
(fig. 31). The tympanic bulla only contacts 
the petrosal at the posteromedial flange and 
rostral tympanic process areas. The rest of 
the bulla contacts the squamosal and the 
basioccipital. 
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epitympanic wing: 

crista interfenestralis 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


promontorium shape: 
hemi-ellipsoid 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

posteromedial flange: present 


medial protrusion of 
pars cochlearis: present 

rostral tympanic process 

fenestra cochleae 


caudal tympanic process: 
mediolaterally broad 

facial 


crista parotica 
stapedial muscle fossa (out 

tympanohyal attachment site? 

stylomastoid notch 


uenui 

L. 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

secondary facial foramen position: anterior 

pit 


ventrolateral tuberosity: present 
shape: knob 

epitympanic recess 

istinct fossa for head of malleus: absent 

external acoustic meatus 


mastoid region: 
size: large 
shape: wedge 



epitympanic wing: present 


crista interfenestralis 

promontorium shape: 
hemi-ellipsoid 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 


posteromedial flange: present 


medial protrusion of - 

pars cochlearis: present 

rostral tympanic process 

fenestra cochleae 


stapedial muscle fossa (out of view) 


stylomastoid notch 


epitympanic recess 

distinct fossa for head of malleus: absent 


acoustic meatus 


- mastoid region: 
size: large 
shape: wedge 


tympanohyal 
attachment site? - 


caudal tympanic process: 
mediolaterally broad 


crista parotica 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 
fossa for tensor tympani: present 
excavates tegmen tympani: present 


ventrolateral tuberosity: present 
shape: knob 

_ndary facial foramen 

position: anterior 


Fig. 33. Ventrolateral (tympanic) views of left petrosal of Camelus dromedarius (SBU MAR 31) 
(Camelidomorpha, Camelidae). Scale = 1 cm. 
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anterior 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


t 

1 -► ventromedial 



vestibular aqueduct 


tegmen tympani 
inflation: present 
degree: moderate 
shape: flat 

prefacial commissure fossa: absent 

petromastoid canal: present 

subarcuate fossa: present 
shape: wide and very shallow 


mastoid region: - 
size: large 
shape: wedge 


prefacial commissure 


surface around internal 
acoustic meatus: smooth 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


foramen acusticum inferius 


cochlear aqueduct 
position: ventral 

crista 

transversa 



vestibular aqueduct 


petromastoid canal: present 


mastoid region: - 
size: large 
shape: wedge 


internal acoustic meatus 


foramen acusticum inferius 

cochlear aqueduct 
position: ventral 


crista transversa 


tegmen tympani: 
inflation: present 
degree: moderal 
shape: flat 


prefacial commissure fossa: absent 


foramen 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial commissure 


surface around internal 
acoustic meatus: smooth 


basicapsular groove: present 
position: dorsal 


subarcuate fossa: present 
shape: wide and very shallow 


Fig. 34. Dorsomedial (cerebellar) views of left petrosal of Camelus dromedarius (SBU MAR 31) 
(Camelidomorpha, Camelidae). Scale = 1 cm. 
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external 

acoustic 

ventrolateral meatus 
tuberosity: present 
shape: knob 


mastoid region: 
size: large 
shape: wedge 



hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


vascular groove: present 


Camelus dromedarius 



medial 


vascular groove: absent 

ventrolateral 
tuberosity: present 
shape: knob 

external 

acoustic 

meatus 


mastoid region: 
size: small 
shape: knob 



hiatus Fallopii distinct hole at anterior 
tegmen tympani: ? 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


Poebrotherium sp. 




Fig. 35. Dorsolateral views of left petrosals of Camelus dromedarius (SBU MAR 31) (Camelidomor- 
pha, Camelidae), f Poebrotherium sp. (AMNH-VP 140343) (Camelidomorpha, Camelidae), and 
fProtoceras celer (AMNH-VP 645) (fProtoceratidae). Dorsomedial and ventrolateral surfaces are gray. 
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basicapsular groove: 
present 
position .dorsal 

internal acoustic meatus 


mastoid plate: absent 



promontory shape: hemi-ellipsoid 


cochlear aqueduct 
position: ventral 


stylomastoid notch 


mastoid region 
size: large 
shape: wedge 



medial 


anterior 

J 


Camelus dromedarius 


basicapsular 
groove: absent 


internal acoustic 
meatus 


foramen 


groove 



mastoid 
plate: absent 


promontory shape: hemi-ellipsoid 

cochlear aqueduct 
position: ventral 

stylomastoid notch 


mastoid region 
size: small 
shape: knob 


Poebrotherium sp. 



basicapsular groove: present 




Fig. 36. Ventromedial views of left petrosals of Camelus dromedarius (SBU MAR 31) (Camelidomor- 
pha, Camelidae), t Poebrotherium sp. (AMNH-VP 140343) (Camelidomorpha, Camelidae), and 
■fProtoceras celer (AMNH-VP 645) (fProtoceratidae). Dorsomedial and ventrolateral surfaces are gray. 
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dorsal 


prefacial commissure fossa: absent 



Cam el us dromedarius 






subarcuate 
fossa 


prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: small 


promontorium shape: 
hemi-ellipsoid 


meatus 


Protoceras celer 


Fig. 37. Anterior views of left petrosals of Camelus dromedaries (SBU MAR 31) (Camelidomorpha, 
Camelidae), f Poebrotherium sp. (AMNH-VP 140343) (Camelidomorpha, Camelidae), and t Protoceras 
celer (AMNH-VP 645) (fProtoceratidae). 
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In dorsolateral view, the internal acoustic 
meatus is the most prominent depression on 
the endocranial surface; it is roughly oval 
with a crease at its dorsal margin. The 
foramen acusticum superius and inferius are 
separated by a crista transversa that is 
narrow and sharp. From the anterior extreme 
of the bone extends a defined groove along 
the endocranial margin and extends to the 
vestibular aqueduct. This is the basicapsular 
groove and it occupied a dorsal position (see 
also Smuts and Bezuidenhout [1987: fig. 6.2, 
no. 20] who figured a substantial “sinus 
petrosus ventralis” on the dorsomedial sur¬ 
face of the petrosal). Posterior to the internal 
acoustic meatus is a very low ridge followed 
immediately by a shallow subarcuate fossa. 
Within the subarcuate fossa is a petromastoid 
canal. The mastoid portion of the bone 
continues posteriorly as a shallow concavity. 
The vestibular aqueduct emerges from deep 
within a slit at the medioventral margin and 
is covered dorsally by several sheets of bone. 
The cochlear aqueduct is positioned at the 
ventromedial edge of the promontorium 
inferior and posterior to the internal acoustic 
meatus. 

Dorsolaterally (fig. 35), the tegmen tym- 
pani is largely flat and forms a right angle 
with the tympanic and endocranial surfaces. 
The anterior process of the tegmen tympani 
is small with a blunt tip. A vascular groove, 
set relatively close to the tympanic surface, 
runs anteromedially. The mastoid region is a 
thin, triangular wedge. 

Ventromedially (fig. 36), the promontor¬ 
ium has a sharp edge between the dorsome¬ 
dial and ventrolateral surfaces; there is no 
flattened ventromedial margin. At the dis- 
tomedial edge of the promontorium the bone 
becomes increasingly square-shaped and then 
tapers to a flat plate. Posteriorly, that the 
mastoid region was exposed on the external 
surface of the skull can be confirmed in 
juvenile specimens (e.g., AMNH-M 80114), 
but this is often hard to confirm on adult 
specimens due to fusion of the petrosal to the 
squamosal and occipital bones. The mastoid 
plate is absent. 

Anteriorly (fig. 37), the hiatus Fallopii is 
visible as a small slit deep to the anterior 
process of the tegmen tympani. Medial to it 
are two small foramina (possibly vascular). 


There is no prefacial commissure fossa and 
the tegmen tympani is relatively flat and 
perpendicular to the ventral and endocranial 
surfaces of the bone. 

Artiodactyla - Camelidomorpha 

t POEBROTHERIUM SP. 

Figures 31, 35-39 

The hcmi-ellipsoid promontorium (fig. 38) 
of the pars cochlearis has two ovoid bulges, 
one directly anterior to the fenestra cochleae 
and one anterior to that. The fenestra 
cochleae is round and only slightly larger 
than the oval-shaped fenestra vestibuli; they 
are separated by a narrow crista interfenes- 
tralis that has distinct continuity with the 
caudal tympanic process. The promontorium 
is devoid of grooves. Anteriorly, the pro- 
montorium attenuates into a large epitympa- 
nic wing. This wing forms the anteriormost 
part of the petrosal and is continuous with 
the adjacent tegmen tympani. The promon¬ 
torium also gives rise to a posteromedial 
flange. Just posterior to the posteromedial 
flange is a small groove on the medial surface 
of the petrosal. These projections from the 
promontorium form a flattened lip of bone 
that surrounds the anterior and medial sides 
of the promontorium. The fossa for the 
tensor tympani muscle is a shallow, oval 
area anterolateral to the fenestra vestibuli 
that does not excavate the adjacent tegmen 
tympani. 

The tegmen tympani is moderately inflated 
and comprises approximately one-third the 
total width of the petrosal. The anterior 
process of the tegmen tympani ends bluntly 
and is separated from the rest of the petrosal 
medially by a small ridge. The secondary 
facial foramen emerges from the deep surface 
of the fossa for the tensor tympani and opens 
anterior to the fenestra vestibuli. The facial 
sulcus extends from the facial foramen, over 
a convexity, to the relatively open stylomas¬ 
toid notch. The stapedial muscle fossa is a 
deep oval pit immediately anterior to the 
stylomastoid notch. The epitympanic recess 
is lateral to the facial sulcus, offset ventrally, 
and is separated from the facial sulcus by a 
clear crista parotica. The epitympanic recess 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


77 


epitympanic wing: present 
promontorium shape: hemi-ellipsoid 

transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

crista interfenestrali 

posteromedial flange: present 

medial protrusion of 
pars cochlearis: absent 


caudal tympanic process: 
mediolaterally broad 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: ? 

anterior process of the 
tegmen tympani: present 
size: small 


stapedial muscle fossa 



iiei iui 

L. 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

secondary facial foramen position: anterior 

ventrolateral tuberosity: present 
shape: low bump 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


external acoustic meatus 


-mastoid region: 
size: small 
shape: square 


tympanohyal attachment site 



transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

crista interfeneslralis 


posteromedial flange: present 


caudal tympanic 
mediolaterally broad 


stapedial muscle fossa 
stylomastoid notch 
tympanohyal attachment site 


external acoustic meatus 


facial 

sulcus 


- mastoid region: 
size: small 
shape: square 


crista parotica 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

fenestra vestibuli 


epitympanic wing: present 


promontorium shape: hemi-ellipsoid 


medial protrusion of 
pars cochlearis: absent groove 

fenestra cochleae 


- hiatus Fallopii distinct hole at anterior tegmen tympani: 

anterior process of the tegmen tympani: present 
size: small 


apex: blunt 


tegmen tympani 
shape: flat 


secondary facial foramen 
anterior 


ventrolateral 
tuberosity: present 
shape: low bump 


epitympanic recess 

distinct fossa for head of 
malleus: absent 




Fig. 38. Ventrolateral (tympanic) views of left petrosal of f Poebrotherium sp. (AMNH-VP 140343) 
(Camelidomorpha, Camelidae). Scale = 1 cm. 
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anterior 



vestibular aqueduct 


prefacial commissure 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


crista transversa 

basicapsular groove: absent 


surface around internal 
acoustic meatus: smooth 


foramen acusticum superius 


internal acoustic meatus 


mastoid region: — 
size: small 
shape: knob 


curved groove 


subarcuate fossa: present 
shape: deep 

petromastoid canal: absent 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: ? 


romen acusticum inferius 


cochlear aqueduct 
position: ventral 


ventromedial 



mastoid region: — 
size: small 
shape: knob 


curved groove 


vestibular aqueduct 


prefacial commissure 
fossa: absent 


surface around internal 
acoustic meatus: smooth 


foramen acusticum 
superius 


acoustic meatus 


cochlear aqueduct 
position: ventral 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial 

commissure 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: ? 


basicapsular groove: absent 


subarcuate fossa: present 
shape: deep 

petromastoid canal: absent 


Fig. 39. Dorsomedial (cerebellar) views of left petrosal of f Poebrotherium sp. (AMNH-VP 140343) 
(Camelidomorpha, Camelidae). Scale = 1 cm. 
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does not exhibit particularly distinctive fossa 
for the head of the malleus. The external 
acoustic meatus is bordered by a knob¬ 
shaped ventrolateral tuberosity. The mastoid 
region is a square-shaped, gnarled knob that 
is thickest toward the ventral surface. Poste¬ 
rior to the fenestra cochleae is a large and 
wide caudal tympanic process that is medial 
to the stapedial muscle fossa. The pars 
cochlearis does not protrude ventromedially 
relative to the mastoid region. 

The ectotympanic (fig. 31) contacts the 
petrosal in several places. The anterior bulla 
contacted the anterior process of the tegmen 
tympani but did not fuse to it. The anterior 
and posterior crura of the ectotympanic did 
not contact the ventrolateral tuberosity or the 
mastoid region, respectively. The medial and 
posterior pars cochlearis had extensive con¬ 
tact with the tympanic bulla. 

The dorsomedial surface is entirely smooth 
(fig. 39). The internal acoustic meatus is oval, 
with a well-defined edge except posteriorly. 
Superior to the internal acoustic meatus is a 
small knob; there is no prefacial commissure 
fossa (see also fig. 37). The foramina acusti- 
cum superius and inferius are separated by a 
thin crista transversa. There are no signifi¬ 
cant grooves on the anterior or medial 
margins of the promontorium, and there is 
no basicapsular groove; instead, the ventro¬ 
medial surface of the petrosal forms a sharp 
edge. Posterodorsal to the internal acoustic 
meatus is a large and very deep subarcuate 
fossa. Its posterodorsal edge is relatively 
undefined and is capped by a curved groove. 
Ventromedial to the subarcuate fossa is a 
small knob that ends in a posterior lip, deep 
to which is the vestibular aqueduct. The 
cochlear aqueduct is a minor slit ventrome¬ 
dial to the internal acoustic meatus. Posterior 
to the subarcuate fossa, the mastoid region is 
smooth and flat and terminates in a point 
posteriorly. The mastoid comprises only 
about one-fourth the total size of the 
petrosal. 

Dorsolaterally (fig. 35), the tegmen tym¬ 
pani is more flat (see also fig. 37) than convex 
but has several bumps and a generally uneven 
surface. The hiatus Fallopii is hard to discern 
in this specimen (see also fig. 37). There are 
no vascular grooves. The mastoid region 
assumes a knoblike shape, not a wedge. 


The ventromedial surface (fig. 36) of the 
promontorium has a sharp edge anteriorly 
that widens into a flat area at the posterior 
part of the promontorium, and it ends in a 
smooth knob. The slitlike cochlear aqueduct 
is ventrally offset and is positioned about 
midway between the anterior and posterior 
ends of the bone. The edge of the open 
stylomastoid notch can be seen in this view as 
well. A groove demarcates an abrupt transi¬ 
tion between the caudal tympanic process 
and the more distal, knob-shaped mastoid 
region. The small squarish posterior end of 
the mastoid is exposed on the external surface 
of the skull, and the mastoid plate is absent. 

Artiodactyla - Protoceratidae 

f Protoceras celer 
Figures 31, 35-37, 40-41 

The ventrolateral surface (fig. 40) has a 
hemi-ellipsoid promontorium, dropping off 
toward the anterior and medial edges. There 
is a subtle transpromontorial groove visible 
only at the anterodorsal margin where it 
terminates at a large notch. The sulcus for the 
stapedial artery is absent. The fenestra 
cochleae is larger than the fenestra vestibuli; 
the former is circular, and the latter is oval. 
The two fenestrae are separated by a wide 
crista interfenestralis. The fossa for the tensor 
tympani is an extensive, circular depression 
that excavates the tegmen tympani. The 
epitympanic wing and the posteromedial 
flange both protrude from the promontor¬ 
ium; however, neither forms a large flat wing 
of bone. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated and occupies 
one-fourth the width of the ventral surface. 
Its anterior process terminates as a knob, is 
separated from the promontorium, and does 
not extend anterior to it. The ventral opening 
of the secondary facial foramen is just 
posterior to the fossa for the tensor tympani 
and immediately lateral to the fenestra 
vestibuli. Posterior to the secondary facial 
foramen, the facial sulcus passed over a 
ventrally protruding convexity and curved 
lateral to the stylomastoid foramen. The 
fossa for the stapedial muscle is a large, deep 
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round/oval fossa for tensor 
tympani: present 

excavates tegmen tympani: presen 
promontorium shape: hemi-ellipsoid 

transpromontorial sulcus: present 

sulcus for stapedial 
artery: absent 

medial protrusion of 
pars cochlearis: absent 


posteromedial flange: present 

fenestra cochleae 


epitympanic notch 

wing: present 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


i ici iui 

L. 


anterior process of the tegmen tympani: present 
siz e.smatt 
apex; blunt 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 

secondary facial foramen position: anterior 

ventrolateral tuberosity: present 
shape: knob 

epitympanic recess 
distinct fossa for head of 
malleus: absent 


fenestra vestibuli 


mastoid region: 
size: large 
shape: wedge 


caudal tympanic process: 
mediolaterally broad 

crista interfenestralis 

stylomastoid notch 
stapedial muscle fossa 
tympanohyal attachment site? 

crista parotica 


external 

. . , , acoustic 

factal sulcus meato 



stylomastoid notch 


stapedial muscle fossa 


tympanohyal attachment site? 


epitympanic wing: present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

promontorium shape: hemi-ellipsoid 

transpromontorial sulcus: present 

sulcus for stapedial artery: absent 

medial protrusion of 
pars cochlearis: abs i 

crista interfenestralis 

posteromedial flange: present 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 

facial sulcus 


notch 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


anterior process of the 
tegmen tympani: present 
siz e.smatt 
apex; blunt 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


secondary facial foramen 
position: anterior 


ventrolateral tuberosity: present 
shape: knob 


epitympanic recess 

distinct fossa for head of 
malleus: absent 


external 

acoustic 

meatus 


- mastoid region: 
size: large 
shape: wedge 


crista parotica 


Fig. 40. Ventrolateral (tympanic) views of left petrosal of f Protoceras celer (AMNH-VP 645) 
(fProtoceratidae). Scale = 1 cm. Damaged area is hatched. 
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vestibular aqueduct? 


fossa: present 
shape: deep 


ueiiui 
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ventromedial 


foramen acusticum superius 
foramen acusticum inferius 


surface around internal 
acoustic meatus: smooth 


mastoid region: 
size: large 
shape: wedge 


cochlear aqueduct position: ventral 
canal: present 


prefacial 

commissure 

hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


crista trans versa 


prefacial commissure 
fossa: absent 


tegmen tympani: 
inflation: presen. 
degree: moderate 
shape: flat 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 



subarcuate fossa: present 
shape: deep 


prefacial commissure 


mastoid region: — 
size: large 
shape: wedge 


cochlear aqueduct position: ventral 
petromastoid canal: present 

vestibular aqueduct? 


hiatus Fallopii distinct hole at- 

anterior tegmen tympani: present 


crista transversa 


foramen acusticum superius 
foramen acusticum inferius 


surface around internal 
acoustic meatus: smooth 


prefacial commissure fossa: absent 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 
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basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


Fig. 41. Dorsomedial (cerebellar) views of left petrosal of fProtoceras celer (AMNH-VP 645) 
(fProtoceratidae). Scale = 1 cm. 
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pit situated posterior to both the fenestra 
vestibuli and the fenestra cochleae. The 
epitympanic recess occupies a ventrally dis¬ 
placed platform and does not have a distinct 
fossa for the head of the malleus or a fossa 
incudis. The external acoustic meatus has a 
small, knob-shaped ventrolateral tuberosity 
at its anterior margin. The tympanohyal is 
not preserved but may have attached on a 
ridge posterior to the stylomastoid notch. A 
clear crista parotica extends from that area 
and separates the epitympanic recess from 
the adjacent facial sulcus. The caudal tym¬ 
panic process was a wide ledge of bone, 
posterior and posteromedial to the fenestra 
cochleae. The pars cochlearis does not 
protrude relative to the mastoid region. The 
mastoid region is large and wedge-shaped. 

There do not appear to be any contacts 
between the tympanic and the petrosal (fig. 31). 

The dorsomedial surface (fig. 41) is di¬ 
vided almost evenly between the pars co¬ 
chlearis and the mastoid region. It is entirely 
smooth. The internal acoustic meatus is a 
teardrop-shaped structure that tapers at the 
dorsal edge and is relatively open ventrally. It 
has a broad crista transversa. Anterior and 
dorsal to the internal acoustic meatus is a 
semicircular depression. There is no prefacial 
commissure fossa. There are no pronounced 
ridges on the endocranial surface except at 
the medial margin, where there is a gentle, 
elongate depression, the basicapsular groove. 
Posterior to the internal acoustic meatus is a 
flat, rectangular depression that runs dorso- 
ventrally and abuts the shallow subarcuate 
fossa at its anterior margin. At the center of 
the subarcuate fossa is a petromastoid canal. 
Inferior to the subarcuate fossa is a small 
knob on a dorsoventrally oriented ridge. The 
vestibular aqueduct is tucked deep to a small 
shelf of bone on the mastoid region. The 
mastoid region terminates posteriorly as a 
point. 

Dorsolaterally (fig. 35), the tegmen tym- 
pani is relatively flat with several isolated 
bumps and grooves. The hiatus Fallopii is a 
small hole at the anterior margin of the 
tegmen tympani. A vascular groove runs 
anteroposteriorly along the lateral surface 
from the base of the ventrolateral tuberosity. 
The mastoid region is bent strongly toward 
the dorsomedial side of the bone. 


Ventromedially (fig. 36), the bone is nar¬ 
row anteriorly with a sharp dorsomedial edge 
extending the length of the pars cochlearis. 
The basicapsular groove is a very subtle 
feature, slightly inset on the endocranial 
surface. The cochlear aqueduct is a small slit 
on the medial surface. The mastoid region is 
roughened on the ventromedial surface and 
has a triangular outline. Overall the shape of 
the mastoid region is a wedge. A flat, 
triangular portion of the mastoid was ex¬ 
posed on the external surface of the skull. 
There was no mastoid plate. 

In anterior view (fig. 37) the promontorium 
can be seen to have been hemi-ellipsoid, in 
contrast to the much rounder hemispherical 
shape of many cetaceans. The hiatus Fallopii 
is a relatively small hole, and there is no 
prefacial commissure fossa. The tegmen tym¬ 
pani is essentially flat and meets the dorsome- 
dial side of the petrosal at a right angle. 

Artiodactyla - Cetancodonta - 
Hippopotamidae 

Choeropsis liberiensis 
Figures 42-47 

The ventrolateral surface of the petrosal 
(fig. 42) has an overall shape of a rounded 
triangle with the base of the triangle at the 
posterior end. The promontorium is hemi- 
ellipsoid and has two subtle convexities: one 
immediately anterior to the fenestra cochleae, 
and one medial to the fossa for the tensor 
tympani muscle. The fenestra cochleae is 
irregular in outline: the anterior aspect of its 
margin has a well-defined semicircular edge, 
and the posterior one-third is poorly defined 
without a clear edge. The fenestra vestibuli, 
by contrast, has a more typical oval shape 
and is smaller than the fenestra cochleae. The 
two fenestrae are separated by a relatively 
narrow crista interfenestralis. There are no 
clear sulci on the promontorium. Anterodor- 
sally is an expansive but shallow fossa for the 
tensor tympani with an irregular-shaped 
border. It excavates, very slightly, the adja¬ 
cent tegmen tympani. The promontorium 
gives rise to both an epitympanic wing and a 
posteromedial facet. These two relatively flat 
projections of bone form a continuous shelf 
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medial protrusion of 
pars cochlearis: absent 


crista interfenestralis 


external acoustic meatus 


fenestra cochleae 


secondary facial foramen 
position: anterior 


mastoid region: 
size: small 
shape: square 


stylomastoid notch 


tympanohyal attachment site? 


facial 

sulcus 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


epitympanic wing: present 


promontorium sha 
hemi-ellipsoid 


transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 


basicapsular 
groove: present 
position: ventral 


posteromedial 
flange: present 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

ventrolateral tuberosity: present 
shape: low bump 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


caudal tympanic process: 
mediolaterally broad 


stapedial 
muscle fossa 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


L. 



basicapsular groove: present 
position: ventral 

posteromedial flange: present 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


crista interfcnestralis 


external acoustic meatus 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 


epitympanic wing: present 


promontorium shape: 
hemi-ellipsoid 


transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


process of 
the tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


ventrolateral tuberosity: present 
shape: low bump 


medial protrusion of 
pars cochlearis: absent 


fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 

stapedial muscle fossa 

stylomastoid notch 


secondary facial foramen 
position: anterior 


crista parotica 
tympanohyal attachment site? 


mastoid region: 
size: small 
shape: square 


sulcus 


Fig. 42. Ventrolateral (tympanic) views of left petrosal of Choeropsis liberiensis (UCR 3116) 
(Cetancodonta, Hippopotamidae). Scale = 1 cm. 
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anterior 




anterior bulla contact: present 
fusion: absent 


posterior 
ectotympanic 
crus/tube 
contact: present 
size: large 
texture: smooth 


medial bulla 
contact: 


anterior 
ectotympanic 
crus/tube contact: 
present 


posterior bulla 
contact: present 


posterior bulla 
contact: present 


Choeropsis liberiensis 


posterior 
ectotympanic 
crus/tube 
contact: present 
size: large 
texture: fused 


anterior bulla 
contact: present 
fusion: present 


medial bulla 
contact: present 


L 

l-► dorsolateral 


anterior 
ectotympanic 
crus/tube 
contact: present 


ectotympanic 


Hippopotamus amphibius 




anterior 
ectotympanic 
crus/tube contact: 


posterior 
ectotympanic 
crus/tube 
contact: present 
size: small 
texture: smooth 


anterior bulla 
contact: present 
fusion: absent 


posterior bulla 
contact: 


anterior 

ectotympanic 

crus/tube 

contact: 

present 


posterior 
ectotympanic 
crus/tube 
contact: present 
size: small 
texture: smooth 


medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


medial bulla 
contact: present 


posterior 

bulla 

contact: 

present 


Potamochoerus porous 


Sus scrota 


Fig. 43. Tympanic contacts with ventrolateral petrosal for Choeropsis liberiensis (UCR 3116) 
(Cetancodonta, Hippopotamidae), Hipppotamus amphibius (AMNH-M 24289) (Cetancodonta, Hippopo- 
tamidae), Potamochoerus porcus (AMNH-M 238329) (Suina, Suidae), and Sus scrofa (AMNH-M 254518) 
(Suina, Suidae). Hatched areas are fused bulla. 
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mastoid region:- 

size: small 
shape: knob 


cochlear aqueduct 
position: ventral 


foramen acusticum inferius 


crista transversa 


prefacial commissure 
fossa: present 


tegmen tympani - 

inflation: present 
degree: hyperinflation 
shape: convex 


subarcuate fossa: absent 
petromastoid canal: 
present 


foramen acusticum 
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basicapsular groove (out of view): 
present 

position: ventral 


internal acoustic meatus 


surface around 

internal acoustic meatus: 

smooth 


prefacial 

commissure 


hiatus Fallopii: 
distinct hole at anterior 
tegmen tympani: present 


vestibular aqueduct 



cochlear aqueduct 
position: ventral 


mastoid region:— 
size: small 
shape: knob 


foramen acusticum inferius 


crista transversa 


vestibular aqueduct 

Fig. 44. Dorsomedial (cerebellar) views of left petrosal of Choeropsis liberiensis (UCR 3116) 
(Cetancodonta, Hippopotamidae). Scale = 1 cm. 
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ventrolateral 
tuberosity: present 
shape: knob 



mastoid region: 
size: small 
shape: knob 


hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: 
hyperinflation 

vascular groove: present 


Choeropsis liberiensis 



hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 



ventrolateral 
tuberosity: present 
shape: spike 


mastoid region 
size: small 
shape: bump 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

vascular groove: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: 
hyperinflation 


Hippopotamus amphibius 


anterior process of the — 
tegmen tympani: present 
size: small 
apex: point 


ventrolateral 
tuberosity: absent 



mastoid region: 
size: small 
shape: knob 
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Fig. 45. Dorsolateral views of left petrosals of Choeropsis liberiensis (UCR 3116) (Cetancodonta, 
Hippopotamidae), Hippopotamus amphibius (AMNH-M 24289) (Cetancodonta, Hippopotamidae), and 
Potamochoerusporcus (AMNH-M 238329) (Suina, Suidae). Dorsomedial and ventrolateral surfaces are gray. 
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medial 


internal 
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meatus 


mastoid plate 
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basicapsular groove: present 
position: ventral 

promontory shape: hemi-ellipsoid 


cochlear aqueduct 
position: ventral 


stylomastoid notch 

mastoid region 
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shape: knob 


Choeropsis liberiensis 


anterior 
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basicapsular groove: present 
position: ventral 


cochlear aqueduct 
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promontory shape: 
hemi-ellipsoid 


stylomastoid notch 


mastoid region 
size: small 
shape: knob 


mastoid plate: 
absent 


Hippopotamus amphibius 



mastoid plate: present 


basicapsular groove: present 
position: dorsal 


promontory shape: 
hemi-ellipsoid 

cochlear aqueduct 
position: ventral 

stylomastoid notch 


mastoid region 
size: small 
shape: knob 


Potamochoerus porous 



Fig. 46. Ventromedial views of left petrosals of Choeropsis liberiensis (UCR 3116) (Cetancodonta, 
Hippopotamidae), Hippopotamus amphibius (AMNH-M 24289) (Cetancodonta, Hippopotamidae), and 
Potamochoerusporcus (AMNH-M 238329) (Suina, Suidae). Dorsomedial and ventrolateral surfaces are gray. 
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prefacial commissure fossa :presen( 


tegmen tympani: 
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inflation: present 
type of inflation: 
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hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: large 


promontorium shape: 
hemi-ellipsoid 


Choeropsis liberiensis 
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type of inflation: 
hyperinlfation 
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hemi-ellipsoid 


Hippopotamus amphibius 

prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
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hemi-ellipsoid 
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Fig. 47. Anterior views of left petrosals of Choeropsis liberiensis (UCR 3116) (Cetancodonta, 
Hippopotamidae), Hippopotamus amphibius (AMNH-M 24289) (Cetancodonta, Hippopotamidae), and 
Potamochoerus porcus (AMNH-M 238329) (Suina, Suidae). Ventrolateral surface is gray. 
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around the promontorium and contact the 
caudal tympanic process posteriorly. A dis¬ 
tinct and roughened basicapsular groove runs 
anteroposteriorly along most of the promon¬ 
torium; thus, this structure is in the ventral 
position. 

On the pars canalicularis, the entire lateral 
margin of the tympanic surface consists of a 
rough-textured, irregular, hyperinflated teg- 
men tympani that extends to the anterior 
edge of the promontorium. The anterior 
process of the tegmen tympani terminates in 
a blunt knob. Posterior to the tegmen 
tympani is a large, concave depression with 
tall anterior and posterior margins that is the 
petrosal contribution to the external acoustic 
meatus. The anterior projection is a knob¬ 
shaped ventrolateral tuberosity. The epitym- 
panic recess is positioned slightly anterior to 
the external acoustic meatus. It is an indis¬ 
tinct depression that is contiguous with the 
fossa for the tensor tympani; it has no large 
fossa for the head of the malleus as seen in 
cetaceans. The secondary facial foramen 
emerges deep to the fossa for the tensor 
tympani through a small slit. This opening is 
lateral to the fenestra vestibuli and thus is 
relatively anterior in position. The short 
facial sulcus is adjacent to a stapedial muscle 
fossa that is relatively shallow and poorly 
defined. A hypothesized tympanohyal attach¬ 
ment is labeled at the posterior end of the 
crista petrosa; however, the tympanohyal is 
not preserved in this specimen (if present). 
The stylomastoid notch is a narrow slit. The 
caudal tympanic process is a large, wide 
flange of bone posterior to the fenestra 
cochleae. The mastoid region is a short, 
irregular knob. The pars cochlearis does not 
protrude medially relative to the mastoid 
region. 

The ectotympanic has extensive contact 
with the petrosal (fig. 43). The anterior crus 
of the ectotympanic contacts the ventrolat¬ 
eral tuberosity, and the posterior crus of the 
ectotympanic contacts the mastoid region 
over a relatively large area. The anterior 
tympanic bulla contacts the tegmen tympani 
but does not fuse to it. The medial and 
posterior parts of the bulla have extensive 
contacts along the ventromedial edge of the 
pars cochlearis and pars canalicularis. The 
medial and posterior contacts are inset 


slightly from the ventromedial edge of the 
petrosal. 

The smooth dorsomedial surface of the 
petrosal (fig. 44) of this species starts at a 
point anteriorly and widens posteriorly. The 
only large opening on the endocranial surface 
is the internal acoustic meatus, which has a 
poorly defined outline shape, being sharpest 
at the dorsal edge. The foramina acusticum 
superius and inferius are wide holes that are 
separated by a narrow crista transversa. 
Dorsal to the internal acoustic meatus is the 
prefacial commissure, which is a flattened 
ridge that expands dorsolaterally into a large 
convexity, the prefacial commissure fossa. 
The prefacial commissure fossa itself is 
smooth and abuts the lateral roughened 
border of the hyperinflated tegmen tympani. 
A crest defines the edge between dorsomedial 
and dorsolateral sides. In dorsomedial view, 
the tegmen tympani is essentially continuous 
with the mastoid region (in ventral view the 
division between these is marked by the 
external acoustic meatus). The subarcuate 
fossa is absent; dorsolateral and posterior to 
the internal acoustic meatus is a petromas- 
toid canal. The mastoid region terminates 
posteriorly as a point. The mastoid region is 
relatively small, and on the dorsomedial 
surface it is gently convex, forming a 
conspicuous swelling posterior to the internal 
acoustic meatus. The cochlear aqueduct 
occupies a ventromedial position. 

The hyperinflated tegmen tympani can be 
best viewed dorsolaterally (fig. 45). The sur¬ 
face has a rough texture with a gentle, 
anteroposteriorly running vascular groove. 
Several very small vascular foramina dot this 
surface. The ventrolateral tuberosity is a large 
knoblike protrusion. The ventromedial 
(fig. 46) side of the promontorium exposes 
the elongate basicapsular groove. This groove 
lies ventrolateral, rather than dorsomedial, to 
a sharp edge that delineates these two surfaces 
of the bone. At the posterior end of this 
groove is a slit that is the cochlear aqueduct. 
The mastoid plate is absent. 

In anterior view (fig. 47) the hiatus Fallo- 
pii is a distinct circular foramen opening onto 
the semirectangular anterior surface of the 
tegmen tympani. The hiatus is located in the 
deepest point of a shallow recess. The 
hyperinflated tegmen tympani occupies most 
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of the lateral surface of the bone and has a 
convex shape. The deeply excavated prefacial 
commissure fossa is also clear in anterior view. 

Artiodactyla - Cetancodonta - 
Hippopotamidae 


Hippopotamus amphibius 
Figures 43, 45—49 

The pars cochlearis visible in ventrolateral 
view (fig. 48) has a large, hemi-ellipsoid 
promontorium with two gently ovoid areas, 
one anterior to the fenestra cochleae and one 
anteromedial to the fenestra vestibuli. The 
fenestra cochleae has an irregular outline that 
is distinctly oval anteriorly but widens into an 
undefined posterior edge. It is larger than the 
fenestra vestibuli, which is oval, and is 
directed ventrally. The crista interfenestralis 
forms a pronounced lateral margin to the 
fenestra cochleae and becomes a ridge that 
extends to the posterior edge of the promon¬ 
torium blending with the caudal tympanic 
process. The promontorium has very subtle 
double transpromontorial sulci. These extend 
in parallel from the medial edge of the 
promontorium, anterior to the fenestra co¬ 
chleae, across the medial edge of the anterior 
ovoid bump, and they terminate at the 
anterior edge of the promontorium. Tucked 
medial to the tegmen tympani, and extending 
deep within it, is a large fossa for the tensor 
tympani muscle (the thin bony roof of the 
fossa is slightly broken in this specimen). 
There is a pit that is fully separate from the 
fossa for the tensor tympanic and is situated 
anteromedial to the fenestra vestibuli. The 
sulcus for the stapedial artery is absent. A 
conspicuous epitympanic wing extends from 
the anterior aspect of the promontorium and 
is contiguous with the tegmen tympani. The 
epitympanic wing is not flat but instead 
bends dorsomedially. The posteromedial 
flange is also present and fully continuous 
with the epitympanic wing to complete a shelf 
around the anterior and medial aspects of the 
promontorium. The basicapsular groove runs 
along the ventromedial edge of the pars 
cochlearis, rather than in a dorsal position. 

The pars canalicularis comprises a sub¬ 
stantial portion of the petrosal. Lateral to the 


promontorium is a hyperinflated tegmen 
tympani that occupies half the total width 
of the promontorium in ventral view. The 
anterior process of the tegmen tympani is 
thick and somewhat enlarged but does not 
extend anterior to the anterior edge of the 
pars cochlearis. The anterior process ends in 
a blunt point. The fossa for the tensor 
tympani, described above, lies adjacent to a 
large, deep epitympanic recess (and some of 
the epitympanic recess is out of view due to 
fused ectotympanic). The epitympanic recess 
lies lateral to the anteriorly positioned 
secondary facial foramen. From this the 
facial sulcus loops lateral to a deep stapedial 
muscle fossa. The contribution from the 
petrosal to the external acoustic meatus is a 
distinctive elongate trough, and this specimen 
retains part of the ectotympanic fused to the 
external acoustic meatus. Anterior to the 
external acoustic meatus is the ventrolateral 
tuberosity, which is a substantial, pointed 
spike of bone. It is not clear what remained 
of the tympanohyal (which was likely small) 
in this specimen, but I have estimated a 
possible attachment site. The crista parotica 
is present but hard to see due to the fusion of 
parts of the ectoympanic to the petrosal. The 
caudal tympanic process is a very wide 
(medially extensive) shelf posterior to the 
fenestra cochleae. It is fully continguous with 
the posteromedial flange. It has a dorsoven- 
tral ridge on its medial aspect. The mastoid 
region (the area posterior to the external 
acoustic meatus) is a wide knob-shaped bone 
that was not exposed on the external surface 
of the skull. The mastoid region is scored as 
“small” because even though it is large and 
bulbous looking, it only amounts to half the 
size of the pars cochlearis. 

There is extensive contact between the 
ectotympanic and the petrosal (fig. 43). The 
anterior crus of the ectotympanic has ex¬ 
tensive contact with the posterior surface of 
the ventrolateral tuberosity. The posterior 
crus of the ectotympanic also contacts a large 
portion of the mastoid region and fuses to it. 
Also, as noted above, part of the tympanic 
contribution to the external acoustic meatus 
is fused to the petrosal part of the external 
acoustic meatus. The anterior tympanic bulla 
has a small contact with the anterior process 
of the tegmen tympani and is fused to it. The 
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hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 

epitympanic wing: present 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


basicapsular groove: 
position: ventral 

promontorium shape: 
hemi-ellipsoid 

sulcus for stapedial 
artery: absent 
medial protrusion of 
pars cochlearis: pres 


transpromontorial 
sulcus: present 
double: present 
posteromedial flange: present 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 

crista interfenestralis 


ueiiui 

L 


dorsolateral 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 


secondary facial foramen 
position: anterior 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

ventrolateral tuberosity: 
/ present 
' shape: spike 

epitympanic recess (out of view) 

distinct fossa for 
head of malleus: absent 


stapedial muscle fossa 

stylomastoid notch 
tympanohyal attachment site? 


external acoustic 
meatus (with fused 
ectotympanic) 

— mastoid region: 
size: small 
shape: square 


crista parotica 


epitympanic wing: present 

basicapsular groove: present 
position: ventral 


promontorium shape: 
hemi-ellipsoid 

sulcus for stapedial 
artery: absent 

medial protrusion of 
pars cochlearis: present 

transpromontorial 
sulcus: present 
double: present 

posteromedial flange: present 

fenestra cochleae 
crista interfenestralis 


hiatus Fallopii distinct hole at 
anterior tegmen tympani 
(out of view): present 


caudal tympanic process: 
mediolaterally broad 



round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

secondary facial foramen 
position: anterior 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

ventrolateral tuberosity: 
present 
shape: spike 

epitympanic recess (out of view] 

distinct fossa for 
head of malleus: absent 

external acoustic 
meatus (with fused 
ectotympanic) 


stapedial 
muscle fossa 


tympanohyal 
attachment site? 


ridge 


— mastoid region: 
size: small 
shape: square 


crista parotica 


Fig. 48. Ventrolateral (tympanic) views of left petrosal of Hippopotamus amphibius (AMNH-M 24289) 
(Cetancodonta, Hippopotamidae). Hatched areas are broken. Epitympanic recess is essentially out of view 
due to fused ectotympanic in external auditory meatus. Scale = 1 cm. 
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lienor 

L 


ventromedial 


prefacial commissure 
fossa: present 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


internal acoustic meatus 


mastoid region: 
size: small 
shape: knob 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


foramen acusticum superius 


subarcuate fossa: absent 
petromastoid canal: 


prefacial commissure 


vestibular aqueduct 

crista transversa 

foramen acusticum inferius 


cochlear aqueduct 
position: ventral 


basicapsular groove: present 
position: ventral 



subarcuate fossa: absent 
petromastoid canal: present 


mastoid region: — 
size: small 
shape: knob 


internal acoustic meatus 

surface around 
internal acoustic meatus: 
smooth 


basicapsular groove: present 
position: ventral 

foramen acusticum inferius 


foramen acusticum superius 


tegmen tympani: 
inflation: presen 
degree: hyperinflation 
shape: convex 


vestibular aqueduct 


cochlear aqueduct 
position: ventral 


prefacial commissure 
fossa: present 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial commissure 


Fig. 49. Dorsomedial (cerebellar) views of left petrosal of Hippopotamus amphibius (AMNH-M 24289) 
(Cetancodonta, Hippopotamidae). Scale = 1 cm. 
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medial edge of the bulla contacts the pars 
cochlearis and the caudal tympanic process 
along their medial margins. 

The dorsomedial surface (fig. 49) is 
smooth. The internal acoustic meatus is very 
large, being a widely open hole that takes up 
much of the medial surface of the pars 
cochlearis. It does not have a well-defined 
outline. Posterior to it is an ovoid swelling 
marked by a ridge on the posterior surface. 
The foramen acusticum superius and fora¬ 
men acusticum inferius are separated by a 
broad crista transversa. There are no con¬ 
spicuous grooves on the endocranial surface. 
The prefacial commissure is a distinct ridge 
and posterior to it is an extensive excavation, 
the prefacial commissure fossa, on the 
endocranial surface of the hyperinflated teg- 
men tympani. The prefacial commissure 
fossa is separated from the internal acoustic 
meatus by a pronounced bar of bone. At the 
posterior aspect of the prefacial commissure 
fossa is a petromastoid canal, a small, 
narrow, and deep hole. Posterior to it is an 
irregular, convex tuberosity of bone. Endo- 
cranially, the transition between the tegmen 
tympani and the mastoid region is not very 
clear because the two areas are continuous. 
At the posterior end of the mastoid region 
there is small pit. The vestibular aqueduct is 
tucked deeply within a series of holes and 
knobs at the posterior end of the promontor- 
ium. It does not emerge directly onto the 
endocranial surface. The cochlear aqueduct 
emerges at the posteriormost part of the 
promontorium such that it occupies a rela¬ 
tively ventral position. 

The dorsolateral view (fig. 45) exposes the 
strongly inflated tegmen tympani, which has a 
texture that is knobby, grooved, and pocked 
but not cancellous; the bone has a square 
outline in this view. This side of the bone 
exhibits a large vascular groove and a number 
of smaller, irregular grooves. One prominent 
groove anteriorly winds onto the tympanic 
surface and runs the entire length of the bone 
from anterior to posterior. The ventrolateral 
tuberosity is a pronounced, pointed pyrami¬ 
dal structure. The mastoid region is not 
particularly enlarged relative to the rest of 
the petrosal and is rounded in shape. 

In ventromedial view (fig. 46) a sharp edge 
of the pars cochlearis separates dorsomedial 


and tympanic sides of the bone. The basi- 
capsular groove can be seen to lie on the 
tympanic surface rather than on the dor¬ 
somedial surface. The promontorium ends 
posteriorly in a series of three knobs. The 
knob-shaped mastoid region extends dorsal 
and ventral to the promontorium in this view 
and has a long crease at its anterior end. No 
part of the bone is exposed on the external 
surface of the skull, and the mastoid plate is 
absent. 

In anterior view (fig. 47) the very large 
hiatus Fallopii is visible on the flattened, 
anterior surface of the tegmen tympani. On 
the specimen, the foramen acusticum super¬ 
ius is situated extremely close to the hiatus 
Fallopii, such that one can see from one 
foramen into the other. The anterior view 
shows the hyperinflated condition of the 
tegmen tympani, which has a convex surface, 
and the highly excavated prefacial commis¬ 
sure fossa. 

ArTIODACTYLA - SuiNA - SuiDAE 

POTAMOCHOERUS PORCUS 

Figures 43, 45-A7, 50-51 

The ventrolateral surface (fig. 50) consists 
of a relatively small, hemi-ellipsoid-shaped 
promontorium that has two ovoid bulges, 
with one anterior to the fenestra cochleae and 
another anterior to that. The fenestra co¬ 
chleae is approximately twice the size of the 
fenestra vestibuli. The crista interfenestralis is 
a narrow ridge that extends from the lateral 
rim of the fenestra cochleae and runs 
medially to join the caudal tympanic process 
at the posterior aspect of the promontorium. 
Extending from the promontorium anteriorly 
is a large epitympanic wing, with a rugose 
texture at its anterior extreme, which contacts 
the adjacent tegmen tympani. Continuous 
with the epitympanic wing medially is a 
substantial posteromedial flange. Together 
these comprise a larger part of the pars 
cochlearis than does the promontorium. The 
fossa for the tensor tympani muscle is a very 
elongate, somewhat oval area that excavates 
the adjacent tegmen tympani. A large and 
wide groove runs from the ventromedial 
margin of the pars cochlearis to the fenestra 
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hiatus Fallopii distinct hole 
at anterior tegmen tymp 
(out of view) 


epitympanicwing: 

fenestra vestibuli 

promontorium shape: hemi-ellipsoid 

crista interfenestratis 


transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 


medial protrusion of 
pars cochlearis: absent 

posteromedial flange: present 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 

stapedial muscle fossa 


stylomastoid notch 


tympanohyai attachment site? 


mastoid region: 
size: small 
shape: knob 


external acoustic ■ meatus 

mastoid plate: present 

crista parolica 


round/oval fossa for 
tensor tympani: present 
excavates tegmen tympani: present 

secondary facial foramen position: anterior 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

facial sulcus 

ventrolateral tuberosity: absent 


epitympanic recess 

distinct fossa for head of 
malleus: absent 


anterior process of the 
tegmen tympani: present 
size: small 
apex: point 


interior 

L 


dorsolateral 



tyrnpanohyal attachment site? 


crista parotica 


hiatus Fallopii distinct hole 
at anterior tegmen tympani 
(out of view) 

epitympanic wing: pres 
promontorium shape: hemi-ellipsoid 

fenestra vestibuli 

crista interfenestralis 

transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 

medial protrusion of 
pars cochlearis: absent 

posteromedial flange: present 

fenestra cochleae 


anterior process of the 
tegmen tympani: present 
size: small 

apex: point round/oval fossa for 

tensor tympani: present 
excavates tegmen tympani: present 

secondary facial foramen position: anterior 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

facial sulcus 

ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head of 
malleus: absent 

mastoid region: 
size: small 
shape: knob 


caudal tympanic process: 
mediolaterally broad 


notch 


acoustic meatus 


mastoid plate: present 


Fig. 50. Ventrolateral (tympanic) views of left petrosal of Potamochoerus porcus (AMNH-M 238329) 
(Suina, Suidae). Scale = 1 cm. 







2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


95 



anterior 

L 


crista transversa 


foramen acusticum inferius 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


knob 


basicapsular groove: present 
position: dorsal 


acoustic meatus 


surface around 

internal acoustic meatus: 

smooth 


mastoid region: 
size: small 
shape: knob 


vestibular aqueduct 


petromastoid canal: present 

mastoid plate: present 


subarcuate fossa: present 
shape: wide and very shallow 


prefacial commissure 
fossa: absent 


acusticum superius 


cochlear aqueduct 
position: ventral 


ventromedial 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


■foramen acusticum superius 
internal acoustic meatus 



crista transversa 


mastoid region: 
size: small 
shape: knob 


mastoid plate: present 


basicapsular groove: present 
position: dorsal 


surface around 

internal acoustic meatus: 

smooth 


cochlear aqueduct 
position: ventral 


foramen acusticum inferius 
petromastoid canal: present 

vestibular aqueduct 

subarcuate fossa: present 
shape: wide and very shallow 


Fig. 51. Dorsomedial (cerebellar) views of left petrosal of Potamochoerus porcus (AMNH-M 238329) 
(Suina, Suidae). Scale = 1 cm. 
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cochleae. The transpromontorial sulcus and 
the sulcus for the stapedial artery are, 
however, absent. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated, occupying 
about one-fourth the total width of the 
petrosal. The anterior process of the tegmen 
tympani terminates anteriorly as a scroll of 
bone that conies to a point. The secondary 
facial foramen opened anterior to the fenes¬ 
tra vestibuli onto a facial sulcus that followed 
a clear groove to the stylomastoid notch. The 
fossa for the stapedial muscle is relatively 
shallow. The epitympanic recess is a small 
area that lacks distinct impressions for the 
ossicles; in fact, it is difficult to identify a 
clear epitympanic recess at all. The external 
acoustic meatus is a very shallow channel 
with no adjacent ventrolateral tuberosity. 
This specimen did not preserve evidence 
regarding the tympanohyal, but the possible 
site of its attachment is indicated at the 
posterior end of the sharp crista parotica. 
The caudal tympanic process is very broad in 
this taxon, extending medially from a posi¬ 
tion posterior to the fenestra cochleae. At its 
medial extreme it is shaped as a large, 
ventrally projecting knob. The mastoid re¬ 
gion is relatively small and has a swollen, 
knob-shaped dorsolateral margin. The pars 
cochlearis does not protrude medially relative 
to the mastoid region. 

There are several contacts between the 
petrosal and the ectotympanic (fig. 43). The 
contacts are small between both the anterior 
and posterior crura of the ectotympanic 
(which is laterally extended into a long tube 
in this taxon) and the petrosal. The tympanic 
bulla also contacts the anterior process of the 
tegmen tympani but is not fused to it. Both 
the medial and posterior aspects of the bulla 
contacted the pars cochlearis in one extensive 
contact. 

The entire dorsomedial (fig. 51) surface of 
the petrosal is smooth. It is divided almost 
evenly between the pars canalicularis and the 
pars cochlearis. The internal acoustic meatus 
is a large oval area with a clearly defined 
posterosuperior border and a more poorly 
defined anteroinferior border. Inferior to it 
there is a small knob. The wide crista 
transversa puts a clear separation between 
the foramina acusticum superius and inferius. 


There is no prefacial commissure fossa. 
Anteriorly, the spike-shaped anterior extreme 
of the anterior process of the tegmen tympani 
is visible in this view. There is a very faint 
jagged ridge on the medial surface indicating 
the position of the basicapsular groove. The 
cochlear aqueduct is positioned relatively 
ventrally. Posterior to the internal acoustic 
meatus is a shallow subarcuate fossa with a 
petromastoid canal at its center. In endocra- 
nial view the mastoid plate blocks a view of 
other parts of the mastoid region. 

The dorsolateral (fig. 45) surface is rela¬ 
tively flat but slopes toward the endocranial 
surface anteriorly. There are no conspicuous 
vascular grooves. The tegmen tympani is 
moderately inflated and its anterior process 
conies to a point anteriorly. The very large 
hiatus Fallopii is out of view. 

Ventromedially (fig. 46), the promontor- 
ium has a flattened surface. The basicapsular 
groove is a subtle feature on the anterior half 
of the ventromedial promontorium. The co¬ 
chlear aqueduct is a tiny slit. The caudal 
tympanic process is a robust, triangular 
structure just anterior to the stylomastoid 
notch. The knoblike mastoid region is distinct 
relative to the mastoid plate and has a large 
vascular foramen. Posteriorly, the mastoid 
region is divided into a mastoid plate endocra- 
nially and a distinctly separate, knob-shaped 
mastoid region ventrally. There is no mas¬ 
toid exposure on the external surface of the 
skull. 

Anteriorly (fig. 47), there is a very large 
hiatus Fallopii that connects directly to the 
foramen acusticum superius in the internal 
acoustic meatus (i.e., one can see through 
both of these foramina simultaneously as in 
Hippopotamus amphibius ). Absence of a 
prefacial commissure fossa is also apparent, 
as is the flat and only moderately inflated 
tegmen tympani, which meets the endocra¬ 
nial surface of the petrosal at a right angle. 

ARTIODACTYLA - SuiNA - SuiDAE 

Sus SCROFA 
Figures 43, 52-56 

The anatomy of the petrosal, ear ossicles, 
and tympanic of this taxon were described by 
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groove 


caudal tympanic process 
mediolaterally broad 


secondary facial foramen 
position: posterior 

stapedial muscle fossa 

stylomastoid notch 


attachment site 


parotica 


mastoid region: 
size: small 
shape: knob 


external acoustic meatus 


crista interfenestralis epitympanicwing: present 


promontorium shape: hemi-ellipsoid 


transpromontorial sulcus: absent 
sulcus for stapedialartery: absent 


apex: point 


hiatus Fallopii distinct hole 
at anterior tegmen tympani 
(out of view): present 

anterior process of the 
tegmen tympani: present 
size: small 


ueiiui 

L 


dorsolateral 


- tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for 
tensor tympani: present 
excavates tegmen tympani: present 


posteromedial flange: present 
medial protrusion of 
pars cochlearis: absent 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


fenestra cochleae 


ventrolateral tuberosity: absent 



caudal tympanic process: 
mediolaterally broad 

secondary facial foramen 
position: posterior 
stapedial muscle fossa 


mastoid region: 
size: small 
shape: knob 


external acoustic meatus 


mastoid plate: facial 
present sulcus 


attachment site 


parotica 


crista interfenestralis epitympanic wing: present 

promontorium shape: 
hemi-ellipsoid 


medial protrusion of 
pars cochlearis: absent 

posteromedial flange: present 


groove 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 


fenestra cochleae 


hiatus Fallopii: 
distinct hole at anterior 
tegmen tympani 
(out of view): present 

anterior process of the 
tegmen tympani: present 
size: small tegmen tympani: 

shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for tensor 
tympani: present 

excavates tegmen tympani: present 
ventrolateral tuberosity: absent 


Fig. 52. Ventrolateral views of left petrosal of Sus scrofa (AMNH-M 254518) (Suina, Suidae). Scale = 
1 cm. 
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mastoid region 
size: small 
shape: knob 


mastoid plate: present 


basicapsular groove: present 
position: dorsal 


surface around internal 
acoustic meatus: smooth 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


foramen acusticum 

crista transversa 


subarcuate fossa: present 
shape: wide and very shallow 


petromastoid canal: present 


internal acoustic meatus 


interior 

L 


vestibular aqueduct 


foramen acusticum inferius 

cochlear aqueduct 
position: ventral 



subarcuate fossa: present 
shape: wide and very shallow 


cochlear aqueduct 
position: ventral 


mastoid region: - 
size: small 
shape: knob 


mastoid plate: present 


petromastoid canal: present 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 

prefacial commissure fossa: absent 
knob 


foramen acusticum superius 


surface around internal 
acoustic meatus: smooth 


prefacial 

commissure 


hiatus Fallopii 


crista transversa 


internal acoustic meatus 


basicapsular groove: present 
position: dorsal 


Fig. 53. Dorsomedial (cerebellar) views of left petrosal of Sits scrofa (AMNH-M 254518) (Suina, 
Suidae). Scale = 1 cm. 
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ventrolateral 
tuberosity: absent 



mastoid region: 
size: small 
shape: knob 


anterior process of the 
tegmen tympani: present 
size: small 
apex: point 

hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 

vascular groove: absent 


knob 


tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


Sus scrota 



anterior 

L 


medial 


ventrolateral 
tuberosity: present 
shape: spike 


mastoid region 
size: small 
shape: knob 



anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 

vascular groove: absent 

knob 

hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


Hylochoerus meinertzhageni 


ventrolateral 
tuberosity: present 
shape: knob 



mastoid region 
size: small 
shape: knob 


hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

knob 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


vascular groove: absent 

Babyrousa babyrussa 




Fig. 54. Dorsolateral views of left petrosals of Sus scrofa (AMNH-M 254518) (Suina, Suidae), 
Hylochoerus meinertzhageni (AMNH-M 53672) (Suina, Suidae), and Babyrousa babyrussa (AMNH-M 
2238) (Suina, Suidae). 
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Hylochoerus meinertzhageni 





Fig. 55. Ventromedial views of left petrosals of Sus scrofa (AMNH-M 254518) (Suina, Suidae), 
Hylochoerus meinertzhageni (AMNH-M 53672) (Suina, Suidae), and Babyrousa babyrussa (AMNH-M 
2238) (Suina, Suidae). 
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dorsal 




medial 



internal 

acoustic 

meatus 


prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: small 


promontorium shape: 
hemi-ellipsoid 


sn 


Hylochoerus meinertzhageni 




internal 


prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii distinct 
hole at anterior tegmen 
tympani: present 
size: large 


— promontorium shape: 
hemi-ellipsoid 


Babyrousa babyrussa 


Fig. 56. Anterior views of the left petrosals of Sus scrofa (AMNH-M 254518) (Suina, Suidae), 
Hylochoerus meinertzhageni (AMNH-M 53672) (Suina, Suidae), and Babyrousa babyrussa (AMNH-M 
2238) (Suina, Suidae). 
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Getty (1975) in some detail but not figured. A 
detailed description and illustrations of the 
tympanic surface of the petrosal can be found 
in Parker (1874: XXXVI-XXXVII), and that 
description was an important source for 
characters used here. Finally, in comparisons 
with artiodactylans, Luo and Gingerich 
(1999) also figured the petrosal of this taxon. 

On the ventrolateral surface (fig. 52) the 
hemi-ellipsoid promontorium has two pro¬ 
nounced ovoid areas, one directly anterior to 
the fenestra cochleae and one anterolateral to 
it. The fenestra cochleae is much larger than 
the fenestra vestibuli, and its outline shape is 
circular anteriorly and straight posteriorly. 
The fenestra vestibuli is oval. The crista 
interfenestralis was very narrow, and the two 
fenestrae are positioned relatively close to 
each other. There are no transpromontorial 
or stapedial artery sulci, but there is a strong 
groove starting at the posteromedial aspect 
of the pars cochlearis that extends posterior 
to the fenestra cochleae and toward the 
fenestra vestibuli. The promontorium gives 
rise to two substantial flat extensions of 
bone, the epitympanic wing anteriorly and 
the posteromedial flange posteromedially. 
Together these form a broad, continuous 
platform of bone. The epitympanic wing is 
one of the anteriormost points of the bone 
and merges with the tegmen tympani later¬ 
ally. The fossa for the tensor tympani is oval 
and excavates the adjacent tegmen tympani; 
however, Getty (1975) stated that this muscle 
is not well developed in the pig. 

The tegmen tympani of the pars canalicu- 
laris is moderately inflated, occupying ap¬ 
proximately one-fourth the size of the petro¬ 
sal. Its anterior process becomes a thin sheet 
of bone that ends in a point. The anterior 
process also partially laps onto the ventral 
surface of the promontorium and epitympa¬ 
nic wing. The secondary facial foramen is 
relatively posterior in position (i.e., it is fully 
posterior to the fenestra cochleae), such that 
it opens adjacent to the stapedial muscle 
fossa. The facial sulcus is thus relatively short 
as it winds lateral to the stapedial muscle 
fossa. The epitympanic recess is an indistinct 
area with no distinctly separate fossae for 
ossicles. The petrosal contribution to the 
external acoustic meatus is unremarkable and 
shallow without clear landmarks anteriorly 


or posteriorly; the ventrolateral tuberosity is 
absent. The attachment site for the tympa- 
nohyal (structure not preserved in this speci¬ 
men) was likely at the end of the crista 
parotica just lateral to the stylomastoid 
notch. The crista parotica is a sharp crest 
extending from the lateral side of the 
secondary facial foramen to the site of 
attachment of the tympanohyal. The caudal 
tympanic process is a wide, square area of 
bone posterior to the fenestra cochleae and 
extending medial to it. It is continuous with 
the crista interfenestralis, and the groove 
noted above travels across it. The mastoid 
region is a small, rounded knob; the pars 
cochlearis does not protrude medially relative 
to the mastoid region. 

There are several areas of contact between 
the bulla and the petrosal (fig. 43). The 
anterior crus of the ectotympanic contacts 
the petrosal over a relatively small area, and 
the anterior tympanic bulla contacts a large 
area on the anterior process of the tegmen 
tympani but does not fuse to it. Antero- and 
posteromedially there are contacts between 
the pars cochlearis and the tympanic bulla. 
Finally, there is a small contact between the 
posterior crus of the ectotympanic and the 
mastoid region of the petrosal. 

The smooth dorsomedial surface of the 
petrosal (fig. 53) is divided evenly between 
the pars cochlearis and the pars canalicularis. 
The internal acoustic meatus is a large, 
rectangular opening with a clearly defined 
posterior border and a more open, undefined 
anterior border. The foramen acusticum 
superius is separated from the foramen 
acusticum inferius by a narrow crista trans- 
versa. There is no prefacial commissure fossa, 
just a thin prefacial commissure superior to 
the internal acoustic meatus. Dorsal and 
posterior to the internal acoustic meatus is 
a small knob. The basicapsular groove 
appears to be present on the medial aspect 
of the endocranial surface but is extremely 
subtle, suggested only by a slight ruffled 
margin. At the dorsolateral edge of the 
petrosal is a very shallow subarcuate fossa 
distinguished by a curved crease rather than 
having the characteristic rounded shape. The 
petromastoid canal is present. The mastoid 
plate dominates the dorsomedial surface of 
the mastoid. The cochlear aqueduct is a thin, 
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oval slit that is directly medioinferior to the 
internal acoustic meatus. Posterior to this is a 
small shelf of bone that covers the vestibular 
aqueduct. 

Dorsolaterally (fig. 54), the tegmen tym- 
pani is relatively flat but has several knobs 
and small creases. It is moderately inflated 
with a small, pointed anterior process. The 
ventrolateral tuberosity is absent, and there 
are no vascular grooves. The hiatus Fallopii 
is very large and meets the foramen acusti- 
cum superius almost immediately (one can 
see between the two foramina). In this view 
the ventral part of the mastoid region can be 
clearly seen to be a knob, but medially there 
is a mastoid plate that is the most posteriorly 
extensive part of the bone. 

The ventromedial surface (fig. 55) is flat 
with a triangular outline. The basicapsular 
groove is a very subtle structure on the 
dorsomedial surface, barely sculpting the 
petrosal at all. The ventrally positioned 
cochlear aqueduct is visible in this view. 
The extent of the caudal tympanic process as 
a prominent knob-shaped structure can also 
be seen. At the posterior margin there is a 
groove between the mastoid region and the 
mastoid plate. The mastoid region has a 
number of vascular foramina; no mastoid 
exposure existed on the external surface of 
the skull. From the endocranial surface of the 
petrosal a mastoid plate protrudes as the 
most posterior structure. 

In anterior view (fig. 56) the very large 
hiatus Fallopii is visible. This view also shows 
how the tegmen tympani meets the endocra¬ 
nial surface of the bone at a right angle. 

ArTIODACTYLA - SuiNA - SuiDAE 

Hylochoerus meinertzhageni 
Figs. 54-59 

On the ventrolateral surface (fig. 57) the 
pars cochlearis has a hemi-ellipsoid promon- 
torium. The promontorium has two pro¬ 
nounced convexities: one anterior to the 
fenestra cochleae and one anteromedial to 
the fossa for the tensor tympani. Traversing 
the promontorium is a single transpromon- 
torial sulcus. The fenestra vestibuli is much 
smaller than the fenestra cochleae and has an 


oval-shaped rim. The fenestra cochleae has a 
rim with a generally circular outline that is 
irregular in places. The two fenestrae are 
separated by a narrow and sinuous crista 
transversa. Medial to the tegmen tympani is a 
shallow, oval, and wide depression, the fossa 
for the tensor tympani. This fossa excavates 
the surrounding tegmen tympani. The pro¬ 
montorium gives rise to a very large epitym- 
panic wing at the anteromedial aspect of the 
bone. This wing ends in a point anteriorly, 
which is the most anterior aspect of the bone. 
The bone also has a posteromedial flange 
that is fully continuous with the epitympanic 
wing, such that together they form a broad 
shelf of bone around the promontorium. 

The pars canalicularis has a moderately 
inflated tegmen tympani, which occupies 
about one-fourth the total size of the bone. 
Its anterior process is small, with a blunt 
anterior apex. The epitympanic recess is 
small and nondescript; it does not have 
distinct fossae for the ossicles. The petrosal 
contribution to the external acoustic meatus 
is present but does not form a clear channel 
or groove. Posterior to the fossa for the 
tensor tympani is the secondary facial fora¬ 
men. This foramen occupies a relatively 
posterior position near the stapedial muscle 
fossa, being posterolateral to the fenestra 
vestibuli rather than anterolateral to it. The 
facial sulcus is distinct but short due to the 
posterior position of the secondary facial 
foramen. The stapedial muscle fossa is 
shallow and vague except for its medial 
margin, which is defined by a sharp crest. 
At the medial extreme of this fossa is the 
caudal tympanic process, which is a wide 
extension of bone posterior and medial to the 
fenestra cochleae that also has a small, 
ventrally projecting spike. The mastoid re¬ 
gion is smooth and ends in a knob; the pars 
cochlearis does not protrude medially relative 
to the mastoid region. There is a mastoid 
plate (see also fig. 55) that forms the posterior- 
most part of the mastoid region. 

There are several areas of contact between 
the tympanic and the petrosal (fig. 58). From 
the preparation of this particular specimen it 
is not completely clear whether the crura of 
the ectotympanic contacted the petrosal. It is 
clear, however, that the anterior part of the 
tympanic bulla contacted the anterior process 
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epitympanicwing: 

promontorium shape: hemi-ellipsoid 


transpromontorial sulcus: present 
sulcus for stapedial artery: absent 


crista inlerfenestralis 
fenestra cochleae 

posteromedial flange: present 

medial protrusion of 
pars cochlearis: absent 


mastoid region: 
size: small 
shape: knob 


hiatus Fallopii distinct hole at 
anterior tegmen tympani 
(out of view): present 


f 

I-»-d 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

, tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

facial foramen position: posterior 
ventrolateral tuberosity: present 
shape: spike 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


external acoustic meatus 


caudal tympanic process 
mediolaterally broad 


stylomastoid notch 
stapedial muscle fossa 
tympanohyal attachment site 


facial sulcus 


crista parotica 



epitympanic wing: present 

promontorium shape 
hemi-ellipsoid 

transpromontorial 
sulcus: present 
sulcus for stapedial 
artery: absent 

crista inlerfenestralis 

fenestra cochleae 


medial protrusion of 
pars cochlearis: absent 

posteromedial flange: present 


caudal tympanic process: 
mediolaterally broad 


stapedial muscle 


hiatus Fallopii distinct hole at anterior tegmen tympani 
(out of view): present 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 
secondary facial foramen position: posterior 

ventrolateral tuberosity: present 
shape: spike 


epitympanic recess 

distinct fossa for head of 
malleus: absent 


external acoustic meatus 


— mastoid region: 
size: small 
shape: knob 


parotica 


facial sulcus 


tympanohyal attachment site 


Fig. 57. Ventrolateral (tympanic) views of the left petrosal of Hylochoerus meinertzhageni (AMNH-M 
53672) (Suina, Suidae). Scale = 1 cm. 
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medial bulla 
contact: present 


posterior bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


anterior 
ectotympanic 
crus/tube 
contact: ? 


posterior 
ectotympanic 
crus/tube 
contact: ? 


anterior 



t 

1 -► dorsolateral 


medial bulla 
contact: present 


posterior bulla 
contact: present 


posterior ectotympanic 
crus/ tube: 
contact: present 
size: small 
texture: smooth 


anterior bulla 
contact: present 
fusion: absent 


anterior 

ectotympanic 

crus/tube 

contact: 

present 


Hylochoerus meinertzhageni 


Babyrousa babyrussa 



posterior ectotympanic 
crus/ tube: 
contact: present 
size: small 
texture: smooth 


anterior bulla 
contact: present 
fusion: absent 


anterior 

ectotympanic 

crus/tube 

contact: 

present 



medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


posterior bulla 
contact: present 


posterior ectotympanic 
crus/tube: 
contact: present 
size: small 
texture: smooth 


anterior 

ectotympanic 

crus/tube 

contact: 

present 


Tayassu tajacu Elomeryx armatus 

Fig. 58. Ventrolateral views of the left petrosals indicating areas of contact with different parts of the 
tympanic bulla and meatal tube (black lines). Taxa are Hylochoerus meinertzhageni (AMNH-M 53672) 
(Suina, Suidae), Babyrousa babyrussa (AMNH-M 2238) (Suina, Suidae), Tayassu tajacu (USNM 52128) 
(Suina, Tayassuidae), and f Elomeryx armatus (AMNH-VP 579) (tAnthracotherioidea, fAnthracother- 
iidae). 
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hiatus Fallopii distinct hole at 



Fig. 59. Dorsomedial (cerebellar) views of left petrosal of Hylochoerus meinertzhageni (AMNH-M 
53672). Scale = 1 cm. 
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of the tegmen tympani but did not fuse to it. 
Furthermore, the medial parts of the bulla 
contacted the entire medial and posterior 
edge of the pars cochlearis. 

On the dorsomedial surface (fig. 59) the 
bone is completely smooth. The internal 
acoustic meatus is a gently recessed oval with 
a strong lip only at the posterior margin; the 
anterior margin is relatively open. The 
foraminae acusticum superius and inferius 
are separated by a substantial crista trans- 
versa. The prefacial commissure is a flat ridge 
of bone, and there is no prefacial commissure 
fossa. The dorsal surface of the epitympanic 
wing forms the anteriormost aspect of the 
petrosal in this view. Extending posteriorly 
from this is the basicapsular groove. This 
groove gives a flaked, irregular contour to 
the anterior part of the dorsomedial surface. 
The groove ends inferior to the internal 
acoustic meatus adjacent to the slitlike 
cochlear aqueduct, with the latter occupying 
a relatively ventral position. The pars cana- 
licularis of the endocranial surface is distin¬ 
guished by a shallow subarcuate fossa. At the 
center of this fossa is a pin-sized opening of 
the petromastoid canal. The area adjacent to 
this is entirely smooth, lacking other tuber¬ 
cles or processes. A mastoid plate extends 
posteriorly from the subarcuate fossa and is 
the prominent part of the mastoid region in 
the dorsomedial view. 

The dorsolateral surface of the petrosal 
(fig. 54) is flat with an overall triangular 
outline that tapers anteriorly. At approxi¬ 
mately the midpoint between anterior and 
posterior is the small hiatus Fallopii, which is 
positioned fully on the dorsal surface. The 
hiatus Fallopii is slightly recessed. The teg¬ 
men tympani is moderately inflated with a 
blunt anterior process. There are no vascular 
grooves on the dorsal surface, and there is a 
small ventrolateral tuberosity that is spike¬ 
shaped. The knob-shaped mastoid region is 
clearly visible in this view. 

Ventromedially (fig. 55), the surface of the 
bone is also flat, widening posteriorly from a 
narrow anterior extreme. The basicapsular 
groove is positioned closest toward the 
dorsomedial surface. The small, recessed 
cochlear aqueduct is positioned about half¬ 
way from the anterior tip of the bone. 
Posteriorly, there is a mastoid plate adjacent 


to a knob-shaped mastoid region. The plate 
is oriented at an angle and is the posterior- 
most part of the pars cochlearis. There is no 
mastoid exposure on the external surface of 
the skull in this taxon. 

Anteriorly (fig. 56), the relatively small 
hiatus Fallopii is positioned slightly toward 
the ventrolateral surface. The lack of pre¬ 
facial commissure fossa and the moderate 
inflation of the tegmen tympani are also 
visible. The dorsal surface of the petrosal 
extends into the endocranial cavity (medially) 
to a small degree. 

ArTIODACTYLA - SuiNA - SuiDAE 

Babyrousa babyrussa 
Figures 54-56, 58, 60-61 

The ventrolateral surface (fig. 60) of the 
petrosal is piriform in outline, and the 
promontorium is hemi-ellipsoid. The pro- 
montorium has a bulbous central surface 
with the most inflated region immediately 
anterior to the fenestra cochleae. The fenestra 
cochleae is relatively large with a circular rim 
that has a poorly defined posterior edge, in 
contrast to the relatively small and oval 
fenestra vestibuli. The two fenestrae are 
separated by a narrow and sinuous crista 
interfenestralis. A transpromontorial sulcus 
is conspicuous just anterior to the fenestra 
cochleae; this is the only clear sulcus on the 
promontorium. A roughly oval-shaped (but 
also irregular in outline) fossa for the tensor 
tympani muscle is present and excavates the 
adjacent tegmen tympani. The promontor¬ 
ium gives rise to a large epitympanic wing 
that comes to a point anteriorly and is the 
anteriormost aspect of the petrosal. The 
epitympanic wing is fully continuous with 
the posteromedial flange and together the 
two form a flattened ring of bone around the 
anterior and medial promontorium. The 
basicapsular groove is present on the ven¬ 
trolateral (rather than dorsomedial) surface. 

On the pars cochlearis, the tegmen tym¬ 
pani is moderately inflated, occupying ap¬ 
proximately one-fourth the total size of the 
bone. It is a raised bump with a very 
inconspicuous anterior process that ends in 
a small, blunt area. A slit that appears not to 
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secondary facial foramen position: 
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sulcus for stapedial 
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medial protrusion of 
pars cochlearis: present 
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shape: square 
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anterior process of the anterior 

tegmen tympani: present 
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('hiatus Fallopii (out of view) distinct 
hole at anterior tegmen tympani: present 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


ventrolateral tuberosity: present 
shape: knob 


tympanohyal attachment site? 



shape of promontorium: 
hemi-ellipsoid 

crista interfenestralis 
fenestra cochleae 

transpromontorial 
sulcus: present 
sulcus for stapedial 
artery: absent 

posteromedial flange: present 

medial protrusion of 
pars cochlearis: pret 

basicapsular groove: present — 
position: ventral 

secondary facial foramen position: 


caudal tympanic process shape: 
mediolaterally broad 

stapedial muscle fossa 


mastoid region: 
size: small 
shape: square 
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crista parotica 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


epitympanic wing: present 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 


epitympanic recess 

distinct fossa for head of 
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hiatus Fallopii (out of view) distinct 
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external acoustic meatus 
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Fig. 60. Ventrolateral (tympanic) views of left petrosal of Bahyrousa babyrussa (AMNH-M 2238) 
(Suina, Suidae). Scale = 1 cm. 
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anterior 



mastoid plate: present 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial commissure 


prefacial commissure fossa: absent 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


knob 


foramen acusticum superius 


subarcuate fossa: present 
shape: wide and deep 


mastoid region: 
size: small 
shape: knob 


foramen acusticum inferius 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


cochlear aqueduct position: 
ventral (out of view) 
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Fig. 61. Dorsomedial (cerebellar) views of left petrosal of Bctbyrousci babyrussa (AMNH-M 2238) 
(Suina, Suidae). Scale = 1 cm. 
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be the primary hiatus Fallopii (the latter is 
not visible in ventrolateral view) is present at 
the anterior margin of the tegmen tympani. 
Fully posterior to this, and just lateral to the 
fenestra vestibuli, is the secondary facial 
foramen, which is dorsolateral to the fenestra 
vestibuli and therefore anterior in position. 
Lateral to this is a shelf of bone that is offset 
ventrally. This smooth area is the epitympa- 
nic recess. It does not show distinct impres¬ 
sions for ossicles. The petrosal contribution 
to the external acoustic meatus is a shallow, 
flat area that is rather unremarkable relative 
to the rest of the ventrolateral surface. The 
facial sulcus emerges lateral to the shallow, 
oval stapedial muscle fossa. The stylomastoid 
notch is indistinct, situated adjacent to the 
hypothesized attachment site for the tympa- 
nohyal. From this attachment site extended 
the crista parotica anteriorly and medial to 
the epitympanic recess. The caudal tympanic 
process is extensive both mediolaterally and 
anteroposteriorly. It is generally smooth. The 
mastoid region is a diminutive knob that has 
a distinct (?vascular) foramen. The pars 
cochlearis does not protrude medially relative 
to the mastoid region. The mastoid region is 
irregular in shape and is more posteriorly 
extensive on the dorsomedial surface where 
there is a mastoid plate. 

There are several areas of contact between 
the ectotympanic and the petrosal (fig. 58). 
The anterior and posterior crura of the 
ectotympanic (which are expanded into a 
rneatal tube in this taxon) contact the 
ventrolateral tuberosity and the mastoid 
region, respectively. The anterior tympanic 
bulla has extensive contact with the anterior 
process of the tegmen tympani but does not 
fuse to it. The medial and posterior parts of 
the bulla contact the entire ventromedial 
margin of the petrosal in one continuous area. 

Dorsomedially (fig. 61), the petrosal has a 
piriform outline. The internal acoustic mea¬ 
tus is a broad, open oval with a poorly 
defined anterior border. It is surrounded by 
smooth bone, and the fenestrae acusticum 
superius and inferius are distinctly separated 
by a broad crista transversa. Immediately 
posterior to the internal acoustic meatus is a 
distinct ridge. There is no prefacial commis¬ 
sure fossa. On the dorsolateral edge (fig. 54) 
is the relatively large hiatus Fallopii in 


profile; at its posterior edge is a knob. As 
noted above, there is no distinct basicapsular 
groove on the dorsomedial surface; instead, it 
is positioned ventrolaterally. The pars cana- 
licularis has a deep subarcuate fossa with a 
sharp ringlike edge that is particularly well 
defined posteriorly. The posterior edge of the 
fossa is characterized by small notches. The 
cochlear aqueduct is an inconspicuous hole 
situated ventromedially; the vestibular aque¬ 
duct is largely out of view, tucked under a 
ledge of bone. There is a small petromastoid 
canal within the subarcuate fossa. The 
mastoid plate is also visible in this view as a 
distinct endocranial structure separate from 
the rest of the mastoid region. 

Dorsolaterally (fig. 54), the bone is flat 
with no distinct vascular grooves. The tegmen 
tympani is moderately inflated with a small, 
blunt anterior process. The ventrolateral 
tuberosity is a small knob, and the large 
hiatus Fallopii is visible at an angle. Ventro¬ 
medially (fig. 55), the bone has a triangular 
shape with the apex at the anterior margin; it 
widens toward the posterior end. The co¬ 
chlear aqueduct is situated approximately 
two-thirds the distance from the anterior 
end of the bone. The mastoid region ends as 
a small knob, and endocranially adjacent to it 
is a mastoid plate. No part of the bone is 
exposed on the external surface of the skull. 

Anteriorly (fig. 56), the very large hiatus 
Fallopii is visible, offset slightly toward the 
ventrolateral surface. There is no prefacial 
commissure fossa, and the moderately in¬ 
flated tegmen tympanic is flat, forming a 
perpendicular edge to the dorsomedial (en¬ 
docranial) surface. 

Artiodactyla - Suina - Tayassuidae 

Tayassu tajacu 
Figures 58, 62-66 

On the ventrolateral surface (fig. 62) the 
promontorium of the pars cochlearis has two 
distinct convexities, one anteromedial to the 
fenestra cochleae and one anterolateral to it. 
The fenestra cochleae is approximately dou¬ 
ble the area of the fenestra vestibuli. The 
fenestra cochleae is circular anteriorly with a 
more widely opened, irregular rim posteri- 
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epitympanic wing: present 

fenestra vestibuli 

shape of promontorium: 
hemi-ellipsoid 


transpromontorial sulcus: present 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


r hiatus Fallopii: distinct hole at anterior 
tegmen tympani (out of view): present 


sulcus for stapedial artery: absent 


crista interfenestralis 

facial sulcus 

posteromedial flange: present 

fenestra cochleae 


medial protrusion of - 

pars cochlearis: absent 
caudal tympanic process shape: 
mediolaterally broad 

stapedial muscle fossa 


L, 


anterior process of the tegmen tympani: present 
size: small 


apex: blunt 


stylomastoid notch 
tympanohyal attachment site? 

crista parotica 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 

ventrolateral tuberosity: present 
shape: spike 
external acoustic meatus 
epitympanic recess 
distinct fossa for head 
of malleus: absent 


■ mastoid region: 
size: small 
shape: square 


mastoid plate: present 


secondary facial foramen: anterior 



epitympanic wing: 

fenestra vestibuli 


shape of promontorium: hemi-ellipsoid 
crista interfenestralis 
sulcus for stapedial artery: absent 
transpromontorial sulcus: present 


posteromedial flange: present 


medial protrusion of 
pars cochlearis: absent 


fenestra cochleae 


caudal tympanic process shape: 
mediolaterally broad 

crista parotica 

stapedial muscle fossa 

stylomastoid notch 


anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

-hiatus Fallopii: distinct hole at anterior 
tegmen tympani (out of view): present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: spike 

epitympanic recess 

distinct fossa for head 
of malleus: absent 

external acoustic meatus 


tympanohyal attachment site? 


- mastoid region: 
size: small 
shape: square 


facial foramen: anterior 


facial sulcus 


Fig. 62. Ventrolateral (tympanic) views of left petrosal of Tayassu tajacu (Suina, Tayassuidae). 
Illustration (USNM 52128), photograph (UC-MVZ 1247). Note mastoid plate is broken in photograph 
(hatched area). Scale = 1 cm. 
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mastoid plate: present 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


iLei iui 

L 


ventromedial 


- basicapsular groove: present 
position: dorsal 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


knob 

foramen acusticum superius 


internal acoustic meatus 


prefacial commissure fossa: absent 

crista transversa 


surface around internal 
acoustic meatus: smooth 


foramen acusticum inferius 

subarcuate fossa: present 

shape: wide and very sha _ 

petromastoid canal: absent 


cochlear aqueduct 
position: ventral 


mastoid region:— 
size: small 
shape: knob 


vestibular aqueduct 



crista transversa 


mastoid plate: present (broken) 


subarcuate fossa: present 
shape: wide and very sha.,~. 
petromastoid canal: absent 


cochlear aqueduct 
position: ventral 


mastoid region 
size: small 
shape: knob 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial commissure 
fossa: absent 

knob 


foramen acusticum superius 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


foramen acusticum inferius 


vestibular aqueduct 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


Fig. 63. Dorsomedial (cerebellar) view of left petrosal of Tayassu tajacu (Suina, Tayassuidae). 
Illustration (USNM 52128), photograph (UC-MVZ 1247). Note that mastoid plate is broken in 
photograph (hatched area). Scale = 1 cm. 
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ventrolateral 
tuberosity: present 
shape: spike 



mastoid region: 
size: small 
shape: knob 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

hiatus Fallopii distinct hole at anterior 
tegmen tympani: present 


vascular groove: absent 


tegmen typmani: 
shape: fiat 
inflation: present 
degree of inflation: moderate 


mastoid plate: present (broken) 

Tayassu tajacu 



anterior 

L 


medial 


Fig. 64. Dorsolateral views of left petrosal of Tayassu tajacu (UC MVZ 1247) (Suina, Tayassuidae). 


orly. The fenestra vestibuli is oval. The crista 
interfenestralis is a narrow ridge separating 
the two fenestrae. A single transpromontorial 
sulcus is apparent, wrapping anterior to the 
fenestra cochleae and running to the ante- 
rodorsal edge of the promontorium. There is 
no sulcus for the stapedial artery branching 
from the transpromontorial sulcus toward 
the fenestra vestibuli. Extending from the 
promontorium anteriorly is a shelflike epi- 
tympanic wing that thins to a point, forming 
an anterior apex of the promontorium. This 
wing expands medially to join a separate 
shelf, the posteromedial flange, and the site 
of their union is characterized by a series of 


faint ridges. Together they form a flat and 
continuous lip on the anterior and medial sides 
of the pars cochlearis. At the medial margin of 
this lip is an indication of the basicapsular 
groove, which is partly visible although 
primarily positioned on the dorsomedial sur¬ 
face of the petrosal. Tucked deep within its 
ventral surface of the petrosal is a large fossa 
for the tensor tympani, an elongate, generally 
oval trough that tapers to a point anteriorly. 
The fossa is so extensive that it excavates part 
of the adjacent tegmen tympani. 

On the pars cochlearis, the tegmen tym- 
pani is inflated and occupies approximately 
one-fourth the ventral surface of the petrosal. 




Fig. 65. Ventromedial views of left petrosal of Tayassu tajacu (USNM 52128) (Suina, Tayassuidae). 
Hatched area indicates broken attachment for mastoid plate. 
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dorsal 



Fig. 66. Anterior views of left petrosal of Tayassu tajacu (UC MVZ 1247) (Suina, Tayassuidae). 


The anterior process is blunt and does not 
extend anterior to the promontorium. Just 
posterior to the fossa for the tensor tympani, 
on a ventrally displaced shelf of bone lateral 
to the secondary facial foramen, is the 
epitympanic recess. This is a poorly defined 
area with no pronounced separate fossa for 
the head of the malleus as often seen in 
cetaceans. The petrosal contribution to the 
external acoustic meatus is flanked anteriorly 
and posteriorly by two small bumps; the 
anterior of these is the ventrolateral tuberos¬ 
ity, which is spike-shaped. The facial sulcus is 
a distinct channel winding lateral to the 
stapedial muscle fossa. The small, shallow, 
and oval stapedial muscle fossa lies immedi¬ 
ately posterior to the fenestra cochleae. The 
stylomastoid notch is a narrow opening that 
has a small spicule of bone just anterior to it. 
The tympanohyal was attached just posterior 
to the stapedial muscle fossa. From its attach¬ 
ment site extended a distinct crista parotica. 
On the ventromedial surface is a raised, 
triangular wedge of bone, the caudal tympanic 
process, which extends broadly across the 
posterior edge of the fenestra cochleae and 
has a knob at its medial edge. Posterior to the 
facial sulcus, the mastoid region drops off to 
form a flat, gently slanted knob. 

The ectotympanic contacted the petrosal 
in several places (fig. 58). Both the anterior 


and posterior crura of the ectotympanic 
(expanded into a tube in this taxon) con¬ 
tacted the external acoustic meatus portion of 
the petrosal rather extensively, although the 
exact area of contact is approximated in this 
specimen. The anterior tympanic bulla con¬ 
tacted the anterior process of the tegmen 
tympani over much of its ventromedial 
margin. The medial and posterior aspects of 
the bulla contacted the medial and posterior 
parts of the petrosal at its medial edge; these 
contacts were not continuous. 

The entire dorsomedial petrosal surface 
(fig. 63) is smooth. This surface has one large 
opening, a transversely teardrop-shaped in¬ 
ternal acoustic meatus that comes to a point 
dorsally where there is a small crease. 
Anteriorly, the extensive epitympanic wing 
is visible in endocranial view. A narrow crista 
transversa separates the foramina acusticum 
superius and inferius. There is no prefacial 
commissure fossa; superior to the internal 
acoustic meatus is a small knob. The 
basicapsular groove begins anterior to the 
internal acoustic meatus at the anterior 
margin of the bone. As the groove extends 
posteromedially, it winds briefly onto the 
tympanic surface of the bone. Posterior to 
the internal acoustic meatus is a shallow, 
rectangular-shaped depression that is fol¬ 
lowed immediately by a shallow subarcuate 
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fossa. There are no significant features within 
the subarcuate fossa; the petromastoid canal 
is absent (a microscopic hole is present on the 
bone, but I do not consider this a large 
enough structure to be a petromastoid canal). 
The vestibular aqueduct is just ventromedial 
to the subarcuate fossa, emerging as a small 
hole deep to a shelf of bone. A short, 
flattened mastoid plate comprises the poste¬ 
rior end of this surface (fig. 63, drawing). 

Dorsolaterally (fig. 64), the tegmen tym- 
pani is both moderately inflated and rela¬ 
tively flat. It has a small hiatus Fallopii 
positioned almost exactly between the ven¬ 
tromedial and dorsolateral surfaces. The 
posterior part of the lateral surface has a 
small, sunken foramen in its center and 
several small foramina adjacent to it. The 
mastoid region is a small knob with a 
mastoid plate adjacent to it. There is a small, 
spike-shaped ventrolateral tuberosity. 

Ventromedially (fig. 65), the bone is trian¬ 
gular with a very small cochlear aqueduct 
just at the posterior end of the basicapsular 
groove. There are several small foramina on 
this surface that appear to open into the 
basicapsular groove. This side exposes a 
triangular, robust, and projecting caudal 
tympanic process. The cochlear aqueduct is 
hard to distinguish but was most likely one of 
several very small holes on the ventromedial 
margin. The mastoid plate is offset endocra- 
nially from the knob-shaped mastoid region. 
No part of the bone was exposed on the 
external surface of the skull. 

Anteriorly (fig. 66), the small but distinct 
size of the hiatus Fallopii is clear, being 
positioned at the anterior margin of the 
dorsal surface of the tegmen tympani. The 
moderately inflated tegmen tympani forms a 
right angle with the endocranial surface of 
the bone. This view also reveals the lack of 
prefacial commissure fossa. 

Artiodactyla - IAnthracotherioidea - 
tANTHRACOTHERIIDAE 

f Elomer yx armatus 
Figures 58, 67-71 

The specimen is extremely well preserved 
with no broken areas. The right and left sides 


from the same individual have been illu¬ 
strated in ventral view, one with (photo¬ 
graph) and one without (drawing) the tym- 
panohyal. 

The ventrolateral surface (fig. 67) has a 
hemi-ellipsoid shape with two bulges on the 
promontorium, one immediately anterior to 
the fenestra cochleae and a second anterior 
and dorsal to that. The round fenestra 
cochleae is larger than the oval fenestra 
vestibuli. The crista interfenestralis is a 
narrow crest and the two fenestrae are 
relatively close together. Double transpro- 
montorial sulci extend from the ventromedial 
edge of the promontorium and pass anterior 
to the fenestra cochleae (fig. 67), where they 
are particularly conspicuous. They then turn 
laterally toward the more anterior bulge on 
the promontorium. There is no sulcus for the 
stapedial artery branching from the trans- 
promontorial sulcus. The promontorium 
then tapers anteriorly to form an epitympanic 
wing that comes to a point anteriorly. The 
epitympanic wing is continuous with the 
posteromedial flange, a second, flattened 
projection off the promontorium. These two 
continuous flanges are notable for having 
several shallow depressions. Tucked rnedio- 
ventral to the tegmen tympani is a large fossa 
for the tensor tympani muscle, a fossa that 
excavates the adjacent tegmen tympani. 

The pars cochlearis consists of a moder¬ 
ately inflated tegmen tympani and a relatively 
short mastoid region. In ventrolateral view 
(fig. 67) the tegmen tympani occupies about 
one-fifth the width of the petrosal. It has a 
blunt-ended anterior process that does not 
extend anterior to the promontorium. The 
secondary facial foramen (fig. 67, photo¬ 
graph) opens just posterior to the fossa for 
the tensor tympani muscle and lateral to the 
fenestra vestibuli, thus occupying a relatively 
anterior position. It feeds onto the facial 
sulcus and lies medial and deep to the 
epitympanic recess. The epitympanic recess 
is a nondescript shelf that is ventrally offset 
relative to the facial sulcus. The external 
acoustic meatus is a low, shallow trough 
characterized by a particularly tall anterior 
border. Demarcating the medial edge of the 
epitympanic recess is the crista petrosa, 
which winds posteriorly to the base of the 
tympanohyal. It has postmortem damage 
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secondary facial 
foramen position: anterior 
(out of view) - 


epitympanic wing: present 


fenestra vestibuli 


promontorium shape: 
hemi-ellipsoid 

crista interfenestralis 

transpromontorial 
sulcus: present 
double: present 
sulcus for stapedial 
artery: absent 

posteromedial flange: present 

fenestra cochleae 
facial sulcus 

medial protrusion of 
pars cochlearis: absent 



i menor 
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process: mediolaterally broad 


hiatus Fallopii distinct hole 
at anterior tegmen tympani 
(out of view): present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


stapedial muscle fossa 

stylomastoid notch 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: knob 


epitympanic recess 

distinct fossa for 
head of malleus: absent 

'external acoustic meatus 


mastoid region: 
size: small 
shape: knob 


crista parotica 
tympanohyul attachment site 



secondary facial 
foramen position: anterior 


epitympanic wing: present 

fenestra vestibuli 
facial sulcus 

promontorium shape: hemi-ellipsoid 

crista 

transpromontorial sulcus: present 
double: present 

sulcus for stapedial artery: absent 

posteromedial flange: present 

fenestra cochleae 


medial protrusion of 
pars cochlearis: absent 

caudal tympanic process: mediolaterally broac 

stapedial muscle fossa (out of 

tympanohyal 


hiatus Fallopii distinct hole at anterior 
tegmen tympani (out of view): present 

anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 

tegmen tympani: 
shape: flat 
inflation: present 
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ventrolateral tuberosity: present 
shape: knob 
epitympanic recess 
distinct fossa for head of 


_ malleus: absent 


mastoid region: 
size: small 
shape: knob 


parotica 
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Fig. 67. Ventrolateral (tympanic) views of left petrosal of f Elomeryx armatus (AMNH-VP 579) 
(fAnthracotherioidea, tAnthracotheriidae). Illustration (above) and photograph (below) from different 
sides of same individual. Scale = 1 cm. 
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petromastoid canal: absent 


cochlear aqueduct 
position: ventral 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


internal acoustic meatus 


vestibular aqueduct 


foramen acusticum superius 


prefacial 


interior 

L. 


acusticum inferius 


subarcuate fossa: present 
shape: wide and very shallow 


basicapsular groove: present 
position: dorsal 


mastoid region: - 
size: small 
shape: knob 


surface around internal 
acoustic meatus: smooth 


crista transversa 


prefacial commissure 
fossa: absent 

hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


crista transversa 



prefacial commissure 

hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial 
fossa: absent 

foramen acusticum superius 


mastoid region: — 
size: small 
shape: knob 


foramen acusticum inferius 


cochlear aqueduct 
position: ventral 


petromastoid canal: absent 


subarcuate fossa: present 
shape: wide and very shallow 


surface around internal 
acoustic meatus: smooth 


, basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


vestibular aqueduct 


Fig. 68. Dorsomedial (cerebellar) views of left petrosal of f Elomeryx armatus (AMNH-VP 579) 
(fAnthracotherioidea, f Anthracotheriidae). Scale = 1 cm. 
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vascular groove: absent 


ventrolateral 
tuberosity: present 
shape: knob 



shape: knob 


foramen 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


hiatus Fallopii distinct hole at 
anterior tegmen tympani. present 


Elomeryx armatus 



anterior 


medial 


vascular groove: absent 

ventrolateral ,> 

tuberosity: absent / 


mastoid region 
size: large 
shape: wedge 



hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


Merycoidodon sp. 



vascular groove: absent 


ventrolateral 

tuberosity. 

absent 

external 


mastoid process: 
not preserved 



external a 
acoustic 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 

Archaeotherium sp. 



Fig. 69. Dorsolateral views of left petrosals of t Elomeryx armatus (AMNH-VP 579) (tAnthracotheri- 
oidea, tAnthracotheriidae), f Merycoidodon culbertsoni (AMNH-VP LUSK 0781572) (tOreodontoidea, 
fOreodontidae), and f Archaeotherium sp. (AMNH-VP 96433) (fEntelodontoidea, tEntelodontidae). 
Dorsomedial and ventrolateral surfaces are gray. 
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Fig. 70. Ventromedial views of left petrosals of f Elomeryx armatus (AMNH-VP 579), (fAnthra- 
cotherioidea, fAnthracotheriidae), f Merycoidodon sp. (AMNH-VP LUSK 0781572) (fOreodontoidea, 
fOreodontidae), and t Archaeotherium sp. (AMNH-VP 96433) (tEntelodontoidea, tEntelodontidae). 
Dorsomedial and ventrolateral surfaces are gray. 
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prefacial commissure fossa: absent 



Elomeryx armatus 



medial 


dorsal 

J 



prefacial commissure fossa: absent 


internal 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii hole 
at anterior tegmen 
tympani: present 
size: large 


promontorium shape: 
hemi-ellipsoid 


Merycoidodon sp. 


prefacial commissure fossa: absent 



Archaeotherium sp. 



Fig. 71. Anterior views of left petrosals of f Elomeryx armatus (AMNH-VP 579), + Merycoidodon sp. 
(AMNH-YP LUSK 0781572), and t Archaeotherium sp. (AMNH-VP 96433). Ventrolateral surface is gray. 
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that has crushed it against the petrosal 
(fig. 67, photograph); however, its shape is 
entirely intact. It is an elongate rod with a 
slightly widened tip that has a small pit. The 
stylomastoid notch is a small concavity 
medial to the attachment site for the tympa- 
nohyal. The caudal tympanic process is a 
wide and smooth shelf posterior and postero¬ 
medial to the fenestra cochleae. A deep, oval 
stapedial muscle fossa is present with the 
facial sulcus running lateral to it. The 
mastoid region is a small knob, and the pars 
cochlearis does not protrude medially relative 
to the mastoid region. 

The ventrolateral surface (fig. 58) has a 
number of contacts with the ectotympanic. 
The anterior and posterior crura of the 
ectotympanic (expanded into a tube in this 
taxon) both contact the petrosal at the 
external acoustic meatus over a continuous 
area. On one of the specimens illustrated 
(fig. 67, photograph), part of the meatal tube 
is fused to the external acoustic meatus in the 
region where the anterior and posterior crura 
would have attached. The posterior contact is 
small and the bone is smooth in that area. The 
anterior tympanic bulla contacts the anterior 
process of the petrosal over an extensive area. 
The medial and posterior tympanic bulla also 
contacted the medial edge of the petrosal over 
an extensive and continuous area. 

The entire dorsomedial surface (fig. 68) is 
smooth. The pars cochlearis comes to a point 
anteriorly; this is the dorsal surface of the 
epitympanic wing. The internal acoustic 
meatus has a gently rectangular outline and 
immediately posterior to it is a very shallow, 
rectangular depression (long axis oriented 
dorsoventrally). The oval-shaped foramen 
acusticum superius and foramen acusticum 
inferius are separated by a narrow crista 
transversa. The anteroventral margin of the 
petrosal has an inset basicapsular groove that 
is positioned fully on the dorsal or endocra- 
nial surface of the bone. This groove extends 
posteriorly to the inferior border of the 
internal acoustic meatus. Superior to the 
internal acoustic meatus is the prefacial 
commissure, which is an elongate ridge. 
There is no prefacial commissure fossa. The 
moderately inflated tegmen tympani meets 
the endocranial surface of the bone at a right 
angle. Just ventral to the end of the 


basicapsular groove is a small cochlear 
aqueduct. Posterior to this and slightly dorsal 
is a very shallow subarcuate fossa. This 
species lacks a petromastoid canal. At the 
caudoventral margin is an elongate slit with a 
hood of bone over its opening in endocranial 
view. This is the vestibular aqueduct. The 
mastoid region is small, smooth, and feature¬ 
less, ending in a squared posterior margin. 

The dorsolateral surface (fig. 69) is trian¬ 
gular in outline with a conspicuous hiatus 
Fallopii at the anterior margin of the anterior 
process of the tegmen tympani. This surface 
is relatively flat, although it has some knobs. 
The ventrolateral tuberosity is knob-shaped 
and relatively indistinct in lateral view. There 
are no vascular grooves. 

In ventromedial view (fig. 70) the bone is 
triangular in outline, widening posteriorly to 
a thickened knob. The minute cochlear 
aqueduct is offset slightly toward the en¬ 
docranial surface but clearly holds a ventro¬ 
medial position. The basicapsular groove is 
positioned distinctly on the dorsomedial 
surface. The mastoid region ends as a knob; 
there is no mastoid plate. The posterior 
mastoid region is thick and square-shaped, 
with minor foramina (possibly vascular). No 
exposure of the mastoid region existed on the 
external surface of the skull. 

The anterior view (fig. 71) reveals the flat 
dorsal surface of the tegmen tympani and the 
subtle dorsal protrusion of the petrosal into 
the cranial cavity. The hiatus Fallopii is a 
distinct and relatively large opening at the 
anterior tegmen tympani. This view also 
reveals that the dorsolateral and dorsomedial 
surfaces are essentially perpendicular and 
there is no prefacial commissure fossa. 

Artiodactyla - f Merycoidodontidae 

f Mer ycoid odon sp . 

Figures 69-74 

The specimen is relatively well preserved 
except for the damage to the fenestra 
vestibuli and the deep part of the fossa for 
the tensor tympani. 

On the ventrolateral surface (fig. 72) the 
hemi-ellipsoid promontorium bulges anterior 
to the fenestra cochleae and then flattens into 
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anterior 



fenestra vestibuli 


epitympanic wing: present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


shape of promontorium: 
hemi-ellipsoid 

transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

crista interfenestralis 

posteromedial flange: present 


fenestra cochleae 

protrusion of pars cochlearis: present 


caudal tympanic process shape: 
mediolaterally broad stapedial muscle fossa 


mastoid process: 
size: large 
shape: wedge 


secondary facial foramen 

position: anterior I-► dorsolateral 

hiatus Fallopii (out of view) hole at 
anterior tegmen tympani: present 

anterior process of the tegmen tympani: present 
size: small 
apex: blunt 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 

ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head of malleus: absent 

external acoustic meatus 
crista parotica 


tympanohyal attachment site 



crista parotica 
tympanohyal attachment site 


epitympanic wing: present 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: present 


shape of 
hemi-ellipsoid 


transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 

fenestra vestibuli 

crista 

posteromedial flange: present 

protrusion of 
pars cochlearis: fenestra 

present 


caudal tympanic 
process shape: 
mediolaterally broad stapedial muscle fossa 

stylomastoid notch 


hiatus Fallopii (out of view) hole at 
anterior tegmen tympani: present 

anterior process of the tegmen tympani: present 
size: small 
apex: blunt 


secondary facial foramen position: anterior 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 

ventrolateral tuberosity: absent 

epitympanic recess 

distinct fossa for head of malleus: absent 

external acoustic meatus 


mastoid process: - 
size: large 
shape: wedge 


Fig. 72. Ventrolateral (tympanic) views of left petrosal of f Merycoidodon sp. (AMNH-VP LUSK 
0781572) (fOreodontoidea, tOreodontidae). Scale = 1 cm. 
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medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: absent 


medial bulla 
contact: present 


anterior bulla 
contact: present 
fusion: present 


interior 

t 

I—*-d 


anterior ectotympanic 
crus/tube contact: 
present 


anterior crus/tube 
of ectotympanic 
contact: present 


posterior ectotympanic 
crus/tube: 
contact: present 
size: small 
texture: smooth 


posterior bulla 
contact: present 


posterior 
contact: present 


posterior 
ectotympanic 
crus/tube: 
contact: present 
size: small 
texture, smooth 


Merycoidodon sp. 


Archaeotherium sp. 




medial bulla 
contact: absent 


anterior bulla 
contact: present 
fusion: present 


posterior bulla 
contact: absent 


anterior ectotympanic 
crus/tube contact: 
absent 

posterior ectotympanic 
crus/tube: 
contact: present 
size: small 
texture: fused 


medial bulla 
contact: absent 


posterior bulla 
contact: absent 


posterior ectotympanic 
crus/tube: 
contact: present 
size: large 
texture: fused 


anterior bulla 
contact: present 
fusion: present 


anterior process 
of meatal tube 
contact: present 


Balaenoptera acutorostrata 


Inia geoffrensis 


Fig. 73. Tympanic contacts (black lines) with left petrosals for f Merycoidodon sp. (AMNH-VP LUSK 
0781572) (tOreodontoidea, tOreodontidae), f Archaeotherium sp. (AMNH-VP 96433) (fEntelodontoidea, 
tEntelodontidae), Balaenoptera acutorostrata (USNM-M 504952) (Cetacea, Mysticeti), and Inia 
geoffrensis (AMNH 209103) (Cetacea, Odontoceti). Contacts in f Archaeotherium approximated 
(dotted lines). 
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anterior 



mastoid region: 
size: large 
shape: wedge 


aqueduct 
position: ventral 


foramen acusticum inferius 


vestibular aqueduct 


hiatus Fallopii hole at anterior 
tegmen tympani: present 


foramen acusticum superius 


prefacial commissure 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


subarcuate fossa: present 
shape: wide, shallow 


petromastoid canal: present 


t 

1 -► ventromedial 


surface around internal 
acoustic meatus: smooth 


basicapsular groove: present 
position .dorsal 

internal acoustic meatus 



tegmen tympani: 
inflation: presem 
degree: moderate 
shape: flat 


basicapsular groove: present 
position: dorsal 


subarcuate fossa: present 
shape: wide, shallow 


internal acoustic meatus 


petromastoid canal: present 


cochlear aqueduct 
position: ventral 


foramen acusticum inferius 
vestibular aqueduct 


hiatus Fallopii hole at 
tegmen tympani: present 


foramen acusticum superius 


prefacial commissure 
fossa: absent 


crista transversa 


surface around internal 
acoustic meatus: smooth 


mastoid region: — 
size: large 
shape: wedge 


Fig. 74. Dorsomedial (cerebellar) views of left petrosals of f Merycoidodon sp. (AMNH-VP LUSK 
0781572) (fOreodontoidea, fOreondontidae). Illustration (above), photograph (below). Scale = 1 cm. 


an epitympanic wing and a posteromedial 
flange. There are no transpromontorial or 
stapedial sulci on the promontorium. The 
fenestra cochleae is circular anteriorly with a 
straight posterior border. The fenestra vesti- 
buli shape cannot be clearly discerned due to 


damage. The two fenestrae are separated by a 
narrow crista interfenestralis. A large, oval 
fossa for the tensor tympani excavates the 
tegmen tympani of the pars canalicularis. 

On the pars canalicularis, the tegmen 
tympani is moderately inflated (e.g., fig. 71); 
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it does not extend anterior to any part of the 
promontorium and terminates in a blunt 
anterior process. Lateral to the secondary 
facial foramen is the epitympanic recess, 
characterized by one depression with no clear 
separate fossae for the ossicles. The external 
acoustic meatus is a shallow, partly rough 
excavation. Immediately posterior to the 
fossa for the tensor tympani is the opening 
of the secondary facial foramen, which is 
anterior in position. The facial sulcus con¬ 
tinues from this opening medially to the 
relatively narrow stylomastoid notch. The 
stapedial muscle fossa is difficult to discern, 
but it appears to be a deep, oval depression 
posteromedial to the fenestra vestibuli. Pos¬ 
teromedial to the fenestra cochleae is a wide 
caudal tympanic process. The attachment site 
for the tympanohyal is just posterior to the 
stapedial muscle fossa. Extending from it is 
the crista parotica, which forms a distinct 
border between the epitympanic recess and 
deeper structures such as the secondary facial 
foramen. The mastoid region is large and 
wedge-shaped, and it is about the same 
length as the pars cochlearis. The pars 
cochlearis protrudes medially relative to the 
mastoid region (the two meet at an angle of 
approximately 130°). The stylomastoid notch 
is a tight area between the caudal tympanic 
process and the posterior end of the crista 
parotica. 

There is significant contact between the 
tympanic and the petrosal (fig. 73), and these 
reconstructions have been supplemented by 
information from AMNH Lusk-0-84-1623. 
Both the anterior and posterior crura of the 
ectotympanic contacted the petrosal over a 
contiguous area at the external acoustic 
meatus. The anterior tympanic bulla con¬ 
tacted the anterior process of the tegmen 
tympani. The medial tympanic bulla con¬ 
tacted the medial and posterior petrosal 
extensively in one continuous contact. 

The anterior two-thirds of the dorsomedial 
surface (fig. 74) is smooth. At the anterior 
extreme is an apex, which is the epitympanic 
wing in dorsal view. The internal acoustic 
meatus has a poorly defined oval border, and 
the foramina acusticum superius and inferius 
are separated by a crista transversa that is 
relatively wide. Superior to the internal 
acoustic meatus there is no prefacial com¬ 


missure fossa (see also fig. 71). The area is 
instead flat and abuts the tegmen tympani at 
a right angle. A basicapsular groove on the 
inferomedial surface extends from the ante¬ 
rior extreme of the bone and terminates 
inferior to the internal acoustic meatus. Just 
posterior to it is a small slit, the cochlear 
aqueduct, which is relatively ventral in 
position. Posterior to the internal acoustic 
meatus is a low, wide ridge that separates it 
from the subarcuate fossa. The subarcuate 
fossa is shallow and wide and has a 
petromastoid canal at its center. Directly 
inferomedial to the petromastoid canal is the 
vestibular aqueduct, a small slit under a ledge 
of bone and situated relatively close to the 
cochlear aqueduct. Posteriorly, the endocra- 
nial surface becomes roughened toward the 
posterior termination of the mastoid region. 
The mastoid region ends in a point. 

Dorsolaterally (fig. 69), the petrosal is very 
smooth with a gently cylindrical anteropos¬ 
terior convexity. There are no pronounced or 
continuous vascular grooves on this surface, 
only two pits at the posterior margin. The 
ventrolateral tuberosity is absent and the 
hiatus Fallopii appears only as a small slit in 
profile on the anterior aspect of the dorsal 
surface. 

Ventromedially (fig. 70), the most con¬ 
spicuous structures are the basicapsular 
groove, which is positioned dorsally, and 
the slit for the ventrally positioned cochlear 
aqueduct. Posteriorly, the bone widens into 
a triangle that is the large, rough, fan-shaped 
mastoid region. This area is abruptly sepa¬ 
rated from the anterior part of the petrosal. 
The part of the mastoid region that was 
exposed on the external surface of the skull 
is a tall, narrow strut of bone that repre¬ 
sents the terminus of a fan-shaped mastoid 
region. This elongate mastoid region expo¬ 
sure had a smooth external surface; there is 
no mastoid plate. Dorsolaterally, the ab¬ 
sence of any vascular grooves on the tegmen 
tympani is apparent, as is the relatively flat 
shape of the tegmen tympani (which meets 
the endocranial margin of the bone at a right 
angle). 

Anteriorly (fig. 71), the relatively small but 
distinct hiatus Fallopii is deep to a small 
ledge of bone at the anterior extreme of the 
tegmen tympani. 
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ArTIODACTYLA - tENTELODONTIDAE 

f Archaeotherium sp. 

Figures 69-71, 73, 75-76 

The specimen has suffered some damage; 
however, because petrosals of this taxon have 
not previously been described it is difficult to 
know the extent of the damage. The specimen 
is not fully preserved at its anteromedial 
margin. The mastoid region is also not fully 
preserved. 

The ventrolateral surface (fig. 75) has a 
clear convexity anterior to the fenestra 
cochleae. The promontorium is hemi-ellip- 
soid in shape. The promontorium tapers 
anteriorly into an epitympanic wing, which 
is broken medially. This wing appears to 
have been continuous with the posteromedial 
flange, which is present more posteriorly. 
There are no transpromontorial or stapedial 
artery sulci on the promontorium. The crista 
interfenestralis is relatively narrow, and the 
fenestra cochleae is relatively large and oval 
in outline shape. The fossa for the tensor 
tympani muscle is a shallow, oval pit that 
very slightly excavates the tegmen tympani 
laterally. 

Laterally, the pars cochlearis is well devel¬ 
oped. The tegmen tympani is moderately 
inflated (figs. 69, 71) and does not extend 
anterior to the promontorium. Its anterior 
process terminates in a subtle, blunt end. The 
external acoustic meatus is a shallow, incon¬ 
spicuous trough. The epitympanic recess is 
poorly defined and preserved with no re¬ 
markable pits for ossicles; it is offset ventrally 
relative to the facial sulcus. The secondary 
facial foramen is not preserved, but the facial 
sulcus is clear, as is the fossa for the stapedial 
muscle, which is an elongate, oval depression. 
The crista parotica demarcates a clear 
boundary between the facial sulcus and the 
end of several ventrally offset structures such 
as the epitympanic recess. The tympanohyal 
is not preserved in this specimen, but its 
inferred site of attachment at the posterior 
edge of the crista parotica is indicated. The 
caudal tympanic process is a broad shelf of 
bone extending well posterior to the fenestra 
cochleae and medial to the stapedial muscle 
fossa. The mastoid region is an irregular. 


somewhat jagged stump but may not be fully 
preserved in this specimen. It was partially 
fused to the surrounding bone in life. In life it 
appears that the pars cochlearis protruded 
medial relative to the mastoid region. 

There was extensive contact between the 
petrosal and the ectotympanic (fig. 73). In 
intact specimens the tympanic is often tightly 
fused to the petrosal, even in subadults. 
Because of this fusion, separation of the 
bulla and petrosal is destructive, and the area 
covered by contacts could only be estimated 
here. Both the anterior and posterior crura of 
the ectotympanic contacted the external 
acoustic meatus of the petrosal. Anteriorly, 
the tympanic bulla contacted the anterior 
process of the petrosal over an extensive area. 
Medially and posteriorly, the bulla contacted 
the ventromedial margin of the petrosal over 
a large area. 

The dorsomedial surface (fig. 76) is 
smooth. The anterior margin of the specimen 
ends anteriorly in an apex (part of the 
epitympanic wing) with some damage postero- 
medially (making the sharpness even more 
pronounced). The basicapsular groove curves 
around the ventromedial margin adjacent to 
the internal acoustic meatus. Separate from 
this is the cochlear aqueduct, which has a slit 
shape and is positioned relatively ventrome¬ 
dial. Dorsal and posterior to the internal 
acoustic meatus is a ridge that forms the 
prefacial commissure. Immediately dorsal to 
this, the bone remains convex, indicating that 
there is no prefacial commissure fossa. The 
dorsomedial surface abuts the tegmen tym¬ 
pani at roughly a right angle. Posterior to the 
internal acoustic meatus is a broad excava¬ 
tion, the subarcuate fossa, which is wide and 
very shallow. There is no petromastoid canal. 
A small vestibular aqueduct emerges poste¬ 
rior to a pronounced ledge of bone ventro¬ 
medial to the subarcuate fossa. The mastoid 
region is knoblike but may not be fully 
preserved. 

The dorsolateral side of the petrosal 
(fig. 69) is dominated by the moderately 
inflated tegmen tympani, which has a rough¬ 
ened surface. There are no conspicuous 
vascular grooves and there is no ventrolateral 
tuberosity. Ventromedially (fig. 70), there is a 
pointed anterior apex and the bone widens 
posteriorly. The cochlear aqueduct is a slit 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


127 



posteromedial flange: 
present 


facial sulcus 


medial protrusion of 
pars cochlearis: present 

caudal tympanic process: 
mediolaterally broad 


stapedial muscle fossa 
stylomastoid notch 


fenestra cochleae 


promontorium shape 
hemi-ellipsoid 

crista interfenestralis 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


interior 

L 


dorsolateral 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


secondary facial foramen position: ? 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


external acoustic meatus 


mastoid region: not preserved 


crista parotica 


epitympanicwing: 


hiatus Fallopii (out of view) 
hole at anterior tegmen 
tympani: present 


ventrolateral tuberosity: absent 


epitympanic recess (approximated) 

distinct fossa for head of malleus: absent 


tympanohyal attachment site? 



posteromedial flange: 
present 

facial sulcus 


medial protrusion of 
pars cochlearis: present 

caudal tympanic process: 
mediolaterally broad 

stapedial muscle fossa 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 


secondary facial foramen position: ? 

tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: absent 


crista parotica 


mastoid regionmof preserved 


hiatus Fallopii (out of view) 
hole at anterior tegmen 
tympani: present 

epitympanic wing: 

promontorium shape: 
hemi-ellipsoid 

crista interfenestralis 


transpromontorial sulcus: absent I 
sulcus for stapedial artery: absent 


fenestra cochleae 


recess (approximated) 

distinct fossa for head of malleus: absent 


external acoustic meatus 


stylomastoid notch tympanohyal attachment site? 


Fig. 75. Ventrolateral (tympanic) views of left petrosal of f Archaeotherium sp. (AMNH-VP 96433) 
(fEntelodontoidea, fEntelodontidae). Scale = 1 cm. Dotted lines indicate estimated extent 
of promontorium. 
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anterior 



crista transversa 


vestibular aqueduct (approximated) 


subarcuate fossa: present 
shape: wide and very she 
petromastoid canal: absent 


mastoid region: - 
(not preserved) 


surface around internal 
acoustic meatus: smooth 


basicapsular groove: present 
position: dorsal 


cochlear aqueduct (out of view) 
position: ventral 


foramen acusticum inferius 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


prefacial 

commissure 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure fossa: absent 


L. 


internal acoustic meatus 



basicapsular groove: present 
position: dorsal 


subarcuate fossa: present 
shape: wide and very sha 
petromastoid canal: absent 


cochlear aqueduct (out of view) 
position: ventral 


prefacial commissure fossa: absent 

internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


mastoid region: — 
(not preserved) 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: present 


foramen acusticum superius 


acusticum inferius 


crista transversa 


vestibular aqueduct (approximated) 


Fig. 76. Dorsomedial (cerebellar) views of left petrosal of fArchaeotherium sp. (AMNH-VP 96433) 
(fEntelodontoidea, fEntelodontidae). Scale = 1 cm. 
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that is distinct from the basicapsular groove. 
Posterior to this is a pit that terminates in a 
stumplike mastoid region. The mastoid plate 
appears to have been absent. 

Anteriorly (fig. 71), there is a relatively 
large hiatus Fallopii. This is a distinct open¬ 
ing dorsal to the pars cochlearis and within 
the inflated tegmen tympani. 

Artiodactyla - Cetacea - Mysticeti - 
Balaenopteridae 

Balaenoptera acutorostrata 
Figures 73, 77-80 

The derived condition of this bone makes 
it difficult to demarcate ventromedial and 
dorsomedial sides, which are very clear in 
other artiodactylans. 

In ventrolateral view (fig. 77) the petrosal 
has a boomerang shape. The promontorium 
is smooth only in its center and becomes 
rough and jagged at its medial and lateral 
borders. The promontorium is hemispherical 
and lacks an epitympanic wing and a postero¬ 
medial flange. There are no transpromon- 
torial or stapedial artery sulci. The fenestra 
vestibuli is oriented laterally and is well 
separated from the fenestra cochleae by a 
wide crista interfenestralis. The fenestra 
vestibuli is an oval, kidney-shaped hole that 
is smaller than the fenestra cochleae. The 
fenestra cochleae is oval with a slightly 
irregular posterior margin; it is oriented 
caudally. There is no distinct fossa for the 
tensor tympani. 

The pars canalicularis accounts for most of 
the size of the petrosal due to both a 
relatively large tegmen tympani and mastoid 
region. Anterolateral to the promontorium is 
a very large, cancellous, and jagged area of 
bone that is triangular in outline shape. This 
is the enormous anterior process of the 
tegmen tympani that extends well anterior 
to the promontorium. The tegmen tympani 
overall is hyperinflated and accounts for 
almost half the size of the petrosal. Lateral 
to the proximal part of the facial sulcus is the 
circular fossa for the head of the malleus, 
which is flanked posteriorly by a narrow, 
mediolaterally oriented groove that termi¬ 
nates in a very small depression that may be 


the fossa incudis. Posterior to this is the 
petrosal contribution to the external acoustic 
meatus. There is no ventrolateral tuberosity 
marking the anterior border of the external 
acoustic meatus. The secondary facial fora¬ 
men, which occupies a relatively anterior 
position, is situated just anterolateral to the 
fenestra vestibuli. A clear, elongate facial 
sulcus extends lateral to the deep stapedial 
muscle fossa. The caudal tympanic process is 
a narrow and rough area of bone posterior to 
the fenestra cochleae. The caudal tympanic 
process nearly abuts the medial margin of the 
crista parotica and the hypothesized tympa- 
nohyal attachment site (although it is not 
known whether a tympanohyal was present). 
The close proximity of these structures makes 
it difficult to see the stapedial muscle fossa. 
The mastoid region is a very elongate column 
of thick bone that accounts for 50% of the 
total size of the petrosal. The pars cochlearis 
protrudes medially relative to the mastoid. 
The pars cochlearis protrudes medially rela¬ 
tive to the mastoid region; the two structures 
meet at approximately 90° to each other. 

The ventrolateral surface (fig. 73) had 
several articulations with the ectotympanic. 
The anterior crus of the ectotympanic did not 
contact the petrosal; however, the posterior 
crus did at two small areas, one near the 
external acoustic meatus and one on the 
mastoid region. The anterior tympanic bulla 
contacted the anterior process of the tegmen 
tympani but the medial and posterior bulla 
had no contacts with the petrosal. 

In dorsomedial view (fig. 78) the surface of 
the bone is rough and jagged, particularly 
surrounding the internal acoustic meatus. 
The foramen acusticum superius and fora¬ 
men acusticum inferius are situated deep 
within the internal acoustic meatus and are 
separated by an indistinct crista transversa. 
Posterior to the internal acoustic meatus are 
the cochlear aqueduct and vestibular aque¬ 
duct, both of which are positioned largely on 
the endocranial surface. There is no prefacial 
commissure fossa. There is also no clear 
basicapsular groove. The tegmen tympani 
does not meet the endocranial surface at a 
right angle as in many noncetacean artiodac¬ 
tylans. The contact is instead gently convex. 
There is no subarcuate fossa or petromastoid 
canal. The mastoid region is largely convex in 
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hiatus Fallopii distinct anterior hole: absent 

round/oval fossa for 
tensor tympani: absent 

secondary facial foramen position: anterior 

epitympanicwing: 

crista inlerfeneslralis 


promontorium shape 
hemispherical 
transpromontorial 
sulcus: absent 
sulcus for stapedial 
artery: absent 

promontory 
protrudes: 

present ! posteromedial 

flange: absent 

caudal tympanic process: 
mediolaterally narrow fenestra 
cochleae 


interior 
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I-►d 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 

hullur attachment 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

fossa for head of malleus: present 


ventrolateral tuberosity: absent 


epitympanic recess 


external acoustic meatus 


■mastoid region: 
size: large 

shape: convex dorsally 
flat ventrally 


stapedial 
muscle fossa 
(out of view) 


facial sulcus 
crista parotica 
bullar attachment 
tnpanohyal attachment site? 
stylomastoid notch 


round/oval fossa for 
tensor tympani: absent 

secondary facial foramen position: anterior 


epitympanic wing: absent 

crista interfenestralis 

transpromontorial 
sulcus: absent 

sulcus for stapedial 
artery: absent 

promontorium shape: 
hemispherical 


hiatus Fallopii distinct 
anterior hole: absent 


promontory 

protrudes: 


posteromedial 
flange: absent 


fenestra cochleae 

caudal tympanic 
process: mediolaterally narrow 


mastoid region: 
size: large 

shape: convex dorsally 
flat ventrally 


stapedi 
muscle 
(out of 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 


distinct fossa for head of malleus: present 


ventrolateral tuberosity: absent 

epitympanic recess 
external acoustic meatus 


facial sulcus- 
crista parotica 
bullar attachment 
tympartohyal attachment site? 
stylomastoid notch 


bullar attachment 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


Fig. 77. Ventrolateral (tympanic) views of left petrosal of Bcilaenoptera acutorostrata (USNM-M 
504952) (Cetacea, Mysticeti). Hatch marks indicate broken areas of bullar attachment. Scale = 1 cm. 
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Fig. 78. Dorsomedial (cerebellar) views of left petrosal of Balaenoptera acutorostrata (USNM-M 
504952) (Cetacea, Mysticeti). Scale = 1 cm. 
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anterior process of the — 
tegmen tympani: present 
size: large 
apex: point 

vascular groove: absent 


ventrolateral 

tuberosity: 
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external acoustic 
meatus 


mastoid region: 
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tegmen tympani: absent 


tegmen tympani: 
shape: convex 
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Balaenoptera acutorostratis 
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mastoid region: 
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degree of inflation: hyperinflation 
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Fig. 79. Dorsolateral views of left petrosals of Balaenoptera acutorostrata (USNM-M 504952) 
(Cetacea, Mysticeti), Inia geoffrensis (AMNH 209104), and Kogia breviceps (AMNH 35912) (Cetacea, 
Odonotoceti). Dorsomedial and ventrolateral surfaces are gray. 
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medial 


anterior 
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Fig. 80. Ventromedial views of left petrosals of Balaenoptera acutorostrata (USNM-M 504952) 
(Cetacea, Mysticeti), Inia geoffrensis (AMNH 209104) (Cetacea, Odonotoceti), and Kogia breviceps 
(AMNH 35912) (Cetacea, Odonotoceti). Dorsomedial and ventrolateral surfaces are gray. 
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this view, although it is also highly irregular 
in shape and hard to characterize. 

Ventromedially (fig. 80), several structures 
are very apparent. These include the hyper- 
inflated and pointed anterior process of the 
tegmen tympani. Posterior to this, the hemi¬ 
spherical shape of the promontorium and the 
lack of basicapsular groove are apparent. 
The cochlear aqueduct is not visible in this 
view because it is positioned on the endocra- 
nial surface. There was no mastoid plate. 
Dorsolaterally (fig. 79), there were no vascu¬ 
lar grooves on the petrosal. 

Anteriorly (fig. 81), the hiatus Fallopii 
may have been one of the very small slits 
within the large area of cancellous bone that 
characterizes the dorsal surface of the petro¬ 
sal. However, there is no clear hiatus Fallopii 
resembling that of noncetacean artiodacty- 
lans. In this view the convexity of the tegmen 
tympani extends dorsal to the endocranial 
surface of the petrosal. It is hyperinflated 
and, as noted above, the prefacial commis¬ 
sure fossa is absent because the area is 
instead convex. 

Artiodactyla - Cetacea - Odontoceti - 
Iniidae 

Inia geoffrensis 
Figures 73, 79—83 

The ventrolateral (fig. 82) pars cochlearis 
is dominated by the smooth promontorium, 
which lacks transpromontorial or stapedial 
artery sulci. The promontorium is hemispher¬ 
ical and also lacks an epitympanic wing and 
posteromedial flange. The fenestra cochleae 
has an open distomedial margin that extends 
onto a groove. The fenestra vestibuli is oval 
and is positioned almost directly anterior to 
the fenestra cochleae. The crista interfenes- 
tralis is very wide and extends posteriorly. 
There is no conspicuous fossa for the tensor 
tympani muscle. 

On the pars cochlearis, the hyperinflated 
tegmen tympani accounts for approximately 
one-third the width of ventral surface. The 
anterior process of the tegmen tympani is 
relatively large, extending anterior to the 
promontorium and terminating as a point. 
The epitympanic recess has a distinct and 


large fossa for the head of the malleus 
anterior to the small fossa incudis. The 
external acoustic meatus is a gentle trough, 
and anterior to it is a small, knob-shaped 
ventrolateral tuberosity. Medial to this is the 
distinct opening for the secondary facial 
foramen, which lies immediately lateral to 
the fenestra vestibuli, thus relatively ante¬ 
riorly. This opening continues as a distinct 
facial sulcus that empties onto a wide 
stylomastoid notch at the posteromedial 
aspect of the mastoid region. There is no 
distinct outline distinguishing the borders of 
the stapedial muscle fossa from the facial 
sulcus (similar to the petrosal of the odonto- 
cete t Waipatia , figured by Fordyce [1994: fig. 
11C]). A potential attachment site for the 
tympanohyal may have been just postero¬ 
lateral to the stylomastoid notch, although it 
is not known whether this species has a 
tympanohyal. Extending from this area along 
a crest medial to the epitympanic recess is the 
crista parotica. The caudal tympanic process 
is a shelf of bone posterior to the fenestra 
cochleae and medial to the stylomastoid 
notch. It is narrow and smooth. The stylo¬ 
mastoid notch is tucked between the caudal 
tympanic process and the mastoid region. 
The mastoid region is small; its shape is 
ventrally flat and dorsally convex. 

There is contact between both the anterior 
and posterior crura of the ectotympanic and 
the petrosal (fig. 73). The anterior crus 
contact is relatively small. The contact 
between the posterior crus and the mastoid 
region was large and rough in texture. The 
anterior tympanic bulla contacted the ante¬ 
rior process of the tegmen tympani and was 
fused to it. There were no contacts between 
the medial or posterior parts of the bulla and 
the medial petrosal. The pars cochlearis 
protrudes medially relative to the mastoid 
region. 

The dorsomedial (fig. 83) surface is gen¬ 
erally smooth with slight roughening on the 
anterior process of the tegmen tympani. The 
pars cochlearis is bulbous. The internal 
acoustic meatus has a loosely defined edge 
that approximates a pyriform shape and 
tapers anteriorly. Figure 83 shows the dis¬ 
tinct foramen acusticum superius and inferius 
along with the foramen singulare. The crista 
transversa creates a broad separation be- 
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prefacial commissure 
fossa: absent 



tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: hyperinflation 


uoisai 
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IN- 1 


hiatus Fallopii distinct anterior hole 
on dorsal tegmen tympani: absent 


promontorium shape: 
hemispherical 



Balaenoptera acutorostrata 



internal acoustic meatus 


prefacial commissure fossa: absent 

tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: hyperinflation 

hole 


hiatus Fallopii 
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tegmen tympani: 
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type of inflation: hyperinflation 
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promontorium shape: 
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Kogia breviceps 


Fig. 81. Anterior petrosals of Balaenoptera acutorostrata (USNM-M 504952) (Cetacea, Mysticeti), Inia 
geoffrensis (AMNH 209104) (Cetacea, Odonotoceti), and Kogia breviceps (AMNH 35912) (Cetacea, 
Odonotoceti). Ventrolateral surfaces are gray. 
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Fig. 82. Ventrolateral (tympanic) view of left petrosal of Inia geoffrensis (AMNH 209104) (Cetacea, 
Odontoceti). Striped areas indicate broken bullar attachments. Scale = 1 cm. 
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anterior 



prefacial commissure 


internal acoustic meatus 


prefacial commissure fossa: 


basicapsular 
groove: absent 


mastoid region: 
size: small 
shape: dorsally 
convex/ventrally flat 


crista transversa 


cochlear aqueduct position: dorsal 
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Fig. 83. Dorsomedial (cerebellar) views of left petrosal of Inia geoffrensis. (Cetacea, Odontoceti). 
Illustration (AMNH 209103), photograph (AMNH 209104). Scale = 1 cm. 


tween the foramina acusticum superius and 
inferius. The basicapsular groove is absent. 
The pars cochlearis lacks a prefacial com¬ 
missure fossa. Posterior to the internal 


acoustic meatus is the vestibular aqueduct 
and the cochlear aqueduct, both on the 
endocranial surface, and thus the cochlear 
aqueduct occupies a relatively dorsal posi- 
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tion. The tegmen tympani is hyperinflated 
and convex. There is no subarcuate fossa and 
no petromastoid canal. The mastoid region 
occupies about one-fourth the size of the 
bone. 

Dorsolaterally (fig. 79), the bone is convex 
overall. A knob-shaped ventrolateral tuber¬ 
osity is apparent, as is the lack of vascular 
groove. The convex and hyperinflated teg¬ 
men tympani is particularly clear in this view. 
In ventromedial (fig. 80) view the promon- 
torium is hemispherical with no conspicuous 
basicapsular groove. The cochlear aqueduct 
is dorsally positioned, making it relatively 
close to the internal acoustic meatus. The 
mastoid region is small with a convex dorsal 
border and a flat ventral border in this view. 

In anterior view (fig. 81) there is no 
distinct anterior hole indicating a hiatus 
Fallopii as in noncetacean artiodactylans. 
There are several small holes on the dorsal 
surface of the tegmen tympani but their 
homologies are unclear. This view also 
demonstrates the large size and the overall 
convex shape of the tegmen tympani and the 
lack of prefacial commissure fossa. 

Artiodactyla - Cetacea - Odontoceti - 
Kogiidae 

Kogia breviceps 
Figures 79-81, 84-86 

The petrosal of Kogia was figured by 
Kasuya (1973). 

On the ventrolateral (fig. 84) surface of the 
petrosal the full promontorium is hemisphe¬ 
rical with no epitympanic wing, no postero¬ 
medial flange, and no transpromontorial or 
stapedial artery sulci. The fenestra vestibuli is 
round, not oval, and is larger than the 
fenestra cochleae. The fenestra cochleae is 
oval in outline anteriorly and becomes 
slightly irregular toward its posterior margin. 
There is a subtle, separate convexity anterior 
to the fenestra cochleae. The crista inter- 
fenestralis is relatively wide and consists of a 
bulging ventral ridge. The fossa for the tensor 
tympani is absent as any kind of distinct 
trough. 

The pars canalicularis consists of a hyper¬ 
inflated tegmen tympani with a large anterior 


process that extends anterior to the promon¬ 
torium and terminates as a point. Posterior 
and slightly medial to the anterior process is 
a very large fossa for the head of the malleus, 
as well as the much smaller fossa incudis 
posterolateral to it. Together these make up 
the epitympanic recess. Anteromedial to the 
fossa for the head of the malleus is a small, 
pointed spike. The external acoustic meatus 
appears to be relatively narrow, and offset 
anterior to it is a ventrolateral tuberosity that 
is knob-shaped. The crista parotica is a sharp 
ridge extending along the medial surface of 
the external acoustic meatus and the fossa 
incudis. Posterior to the fossa for the head of 
the malleus and dorsolateral to the fenestra 
vestibuli is the secondary facial foramen, 
which occupies a relatively anterior position. 
It opens onto a facial sulcus that continues as 
a distinct channel winding lateral to the area 
for the stapedial muscle fossa, which is very 
poorly defined. The caudal tympanic process 
is broad and forms a distinct rounded ledge 
of bone posterior to the fenestra cochleae and 
the crista interfenestralis. A tentatively iden¬ 
tified landmark for the attachment of the 
tympanohyal (if present) was most likely 
adjacent to the stylomastoid notch. The 
stylomastoid notch is relatively wide and 
open (see also fig. 80). The promontorium 
protrudes medially relative to the mastoid 
region (the pars cochlearis and pars canali¬ 
cularis meet at an angle of approximately 
140° on the medial side). The mastoid region 
is large and in ventrolateral view its surface is 
relatively flat. 

Contact between the petrosal and the 
tympanic occurred in several places 
(fig. 85). While there is no contact between 
the anterior crus of the tympanic ring and the 
petrosal, there is a substantial contact be¬ 
tween the posterior crus of tympanic ring and 
the mastoid region. The posterior crus of the 
tympanic ring has become a large, flattened 
plate that contacts half of the mastoid region 
in a smooth articulation. The anterior 
tympanic bulla is fused to part of the anterior 
process of the tegmen tympani. The medial 
aspect of the tympanic bulla has no contact 
with the petrosal, but the posterior aspect of 
the bulla does have a small contact slightly 
inset from the ventromedial edge of the 
promontorium. 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


139 



distinct fossa for head of malleus: present 

anterior process of the 
tegmen tympani: present ~ . 

size: large 

apex: point bulla 


epitympanic wing: absent 

spike 

transpromontorial sulcus: absent 
sulcus for stapedial artery: absen, 
fossa incudis 
promontorium shape: 
hemispherical 

crista interfenestralis 

medial protrusion of the 
pars cochlearis: present 

posteromedial 
flange: absent facial sulcus 


caudal tympanic 
mediolaterally broad 

stapedial museI 

stylomastoid natch 


ventrolateral tuberosity: present 
shape: knob 

recess 

external acoustic meatus 


secondary facial foramen 
position: anterior 

fenestra vestibuli 

parotica 


tympanohyal attachment site? 


shape: convex dorsally 
flat ventrally 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


hiatus fallopii distinct anterior hole: absent 


round/oval fossa for 
tensor tympani: absent 


interior 

L„ 


anterior process of the - 
tegmen tympani: present 
size: large 
apex: point 

distinct fossa for head of malleus: present 
epitympanic wing: absent 


fossa incudis - 
crista interfenestralis 

transpromontorial sulcus: absent / 
sulcus for stapedial artery: absent 


bulla 


promontorium shape: 
hemispherical 


medial protrusion of the 
pars cochlearis: present 

posteromedial flange: absent 


caudal tympanic process: 
mediolaterally broad 

stapedial muscle fossa 

stylomastoid notch 


hiatus fallopii distinct anterior hole: absent 


round/oval fossa for tensor tympani: absent 



mastoid region: 
size: large 
shape: convex dorsally N 
flat ventrally 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


ventrolateral tuberosity: present 
shape: knob 

epitympanic recess 
external acoustic meatus 

secondary facial foramen 
position: anterior 


fenestra vestibuli 

crista parotica 

tympanohyal attachment site? 


Fig. 84. Ventrolateral (tympanic) view of left petrosal of Kogia hreviceps (AMNH 35912) (Cetacea, 
Odontoceti). Striped areas indicate broken bullar attachment. Scale = 1 cm. 
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ectotympanic 
crus/tube 
contact: present 


medial bulla 
contact: present 


posterior ectoympanic 
crus/tube: 
contact: present 
size: small 
texture: smooth 
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Fig. 85. Ventrolateral (tympanic) views of the left petrosals of various odontocetes indicating areas of 
contact with different parts of the tympanic bulla and meatal tube. Kogia breviceps (AMNH-M 35912) 
(Cetacea, Odonotoceti); Tursiops truncatus (AMNH-M 184930) (Cetacea, Odonotoceti), Monodon 
monoceros (AMNH 19315) (Cetacea, Odonotoceti), and Ziphius cavirostris (AMNH-M 70378) 
(Cetacea, Odonotoceti). 
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shape: convex 


suprameatal fossa: absent 

crista transversa 
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Fig. 86. Dorsomedial (cerebellar) views of left petrosal of Kogia breviceps (AMNH-M 35912) (Cetacea, 
Odonotoceti). Scale = 1 cm. 


The dorsomedial (fig. 86) surface is 
smooth. The internal acoustic meatus is 
relatively open, particularly anteriorly, where 
its margin is poorly defined. The foramen 
acusticum superius is smaller than the fora¬ 
men acusticum inferius. The crista transversa 


is a wide ridge with a dorsal crest. Anterior 
and superior to the foramen acusticum 
superius is a rounded prominence that forms 
part of the prefacial commissure. The pre¬ 
facial commissure fossa is absent and that 
area of the petrosal is gently convex. Im- 
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mediately posterior to the foramen acusticum 
inferius is the vestibular aqueduct. Medial to 
it is the cochlear aqueduct, a distinct, circular 
hole, rather than a slit, which occupies a 
relatively dorsal position. There is no clear 
basicapsular groove on the anterior or medial 
surface. More posteriorly still, the petrosal is 
convex and there is no subarcuate fossa or 
petromastoid canal. The posterior end drops 
off abruptly to a smooth mastoid region that 
is very gently convex on the dorsal side 
(figs. 79-80). 

In dorsolateral view (fig. 79) the tegmen 
tympani hyperinflation is very clear. The 
tegmen tympani is smooth with a vascular 
groove anteriorly and a convex surface over¬ 
all. As noted above, there is a small, knob¬ 
shaped ventrolateral tuberosity just anterior 
to the external acoustic meatus. In ventro¬ 
medial view (fig. 80) the promontorium is 
smooth and bulbous and the lack of medial 
promontory groove is apparent. The cochlear 
aqueduct is not visible in this view because it 
is dorsally positioned. 

Anteriorly (fig. 81), the hiatus Fallopii is 
absent as a distinct anterior hole seen in 
many noncetacean artiodactylans. There is a 
small hole visible in this area; however, it is 
not clear that it is the hiatus Fallopii and not 
a vascular foramen. The shape of the tegmen 
tympani and the prefacial commissure are 
also apparent in this view. 

Artiodactyla - Cetatcea - Odontoceti - 
Delphinidae 

Tursiops truncatus 
Figures 85, 87-91 

Oelschlager (1990) and, more recently, 
Mead and Fordyce (2009) described the 
anatomy of the petrosal of this species, a 
cetacean that is widely used for comparative 
work. 

The ventrolateral (fig. 87) surface of the 
promontorium is fully ovoid and has no 
significant separate bulge in the region of the 
fenestra cochleae and no clear transpromon- 
torial sulcus or sulcus for the stapedial artery. 
The stapes is occasionally fused within the 
fenestra vestibuli (fig. 87, drawing). The 
fenestra vestibuli is similar in size to the 


fenestra cochleae but more oval in outline 
shape. The fenestra cochleae has an irregular 
outline, being oval anteriorly and straight 
posteriorly. There is no round or oval fossa 
for the tensor tympani, only a small, sharp 
fold on the ventromedial surface of the 
anterior process of the tegmen tympani. 
There is no epitympanic wing or postero¬ 
medial flange protruding from the promon¬ 
torium. 

The tegmen tympani is a large structure 
dorsolateral to the promontorium with a 
large anterior process that extends distinctly 
anterior to the promontorium and terminates 
in a point. The epitympanic recess consists of 
a large fossa for the head of the malleus and a 
raised area posterior to it that may represent 
the fossa incudis (see also Oelschlager, 1990: 
149). Medial to the epitympanic recess and 
tucked deep within the tegmen tympani is the 
secondary facial foramen. From it emerges 
the facial sulcus, which is a relatively indis¬ 
tinct channel to the stylomastoid notch; the 
stapedial muscle fossa is very poorly defined. 
The stapedial muscle fossa and facial sulcus 
are partially obscured in ventrolateral view 
by the relatively large mastoid region and 
parts of the tympanic bulla that have fused to 
it. Mead and Fordyce (2009:162) stated that 
Tursiops truncatus often has a tympanohyal 
that is very small; however, this structure 
does not appear to be present in this speci¬ 
men (I have estimated the position of its 
attachment). The mastoid region is relatively 
large with a flat ventral side and a convex 
dorsal side (figs. 89-90). It comes to a point 
at the dorsolateral edge where its texture is 
slightly rough. The caudal tympanic process 
is a distinct, wide ridge posterior to the 
fenestra cochleae. 

There are several lateral contacts between 
the ectotympanic and the petrosal (fig. 85). 
The anterior crus of the tympanic ring 
contacts the petrosal in a small area just 
posterior to a large, fused contact between the 
bulla and the anterior process of the tegmen 
tympani. There are no contacts between the 
medial aspect of the bulla and the petrosal. 
The posterior crus of the tympanic ring is 
expanded into a large, flat process that has a 
wide contact with the mastoid region of the 
petrosal. When not fused, this contact surface 
on the petrosal is rough. 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


143 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 

epitympanic wing: absent 

fenestra vestibuli (with stapes) 

transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

promontorium shape: hemispherical 

crista interfenestralis 

medial protrusion of the 
pars cochlearis: present 

posteromedial flange: absent 

fenestra cochleae 

caudal tympanic process: 
mediolaterally broad 

stylomastoid notch 
(out of view) 


hiatus Fallopii distinct anterior hole: absent 

round/oval fossa for tensor tympani: absent 
excavates tegmen tympani: absent 


*stapedial muscle 
fossa atul facial sulcus 
(out of view) 



interior 

t 

I-»-d 


tympanohyal 
attachment site 
(approximated) 


distinct fossa for head of malleus: present 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

ventrolateral tuberosity: present 
shape: bump 

epitympanic recess 
external acoustic meatus 


- mastoid region: 
size: large 
shape: ventrally flat 
/dorsally convex 


secondary facial 
foramen position: 
anterior 


fused bulla 
crista parotica 



fenestra vestibuli 
(with 


anterior process of the 
tegmen tympani: prese , 
size: large 
apex: point 

epitympanic wing: absent 

crista interfenestralis 

promontorium shape: hemispherical 

transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 


medial protrusion of the 
pars cochlearis: present 


posteromedial flange: absent 


fenestra cochleae 


round/oval fossa for tensor tympani: absent 
excavates tegmen tympani: absent 

hiatus Fallopii distinct anterior hole: absent 

distinct fossa for head of malleus: present 

tegmen tympani shape: convex 
inflation: present 
degree: hyperinflation 

ventrolateral tuberosity: present 
shape: bump 

epitympanic recess 

external acoustic meatus 


■ mastoid region: 
size: large 
shape: ventrally flat 
/dorsally convex 


caudal tympanic 
mediolaterally broad 


facial sulcus 


*stapedial muscle fossa 
(out of view) 


secondary facial foramen position: anterior 

tympanohyal attachment site 

(approximated) / crista parotica 

stylomastoid notch (out of view) 


Fig. 87. Ventrolateral (tympanic) views of left petrosal of Tursiops truncatus (drawing, AMNH-M 
184930; photograph SBU MCT 1) (Cetacea, Odonotoceti). Hatched areas indicate fused bulla. Scale = 
1 cm. 
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anterior 



prefacial commissure 


petromastoid canal: absent 
subarcuate fossa: absent 


foramen acusticum superius 

tegmen tympani - 

inflation: hyperinflation 
shape: convex 

prefacial commissure fossa: absent 


basicapsular groove: absent 

internal acoustic meatus 


crista trunsversa 


surface around internal 
acoustic meatus: smooth 


vestibular aqueduct 


foramen acusticum inferius 


hiatus Fallopii distinct 
hole: absent 


mastoid region:- 

size: small 

shape: convex dorsally 
/ flat ventrally 


cochlear aqueduct position: dorsal 


ventromedial 



subarcuate fossa .absent 
petromastoid canal: absent 


mastoid region: - 

size: small 

shape: convex dorsally 
/flat ventrally 


prefacial 

hiatus Fallopii distinct anterior hole: absent 

foramen acusticum superius 

tegmen tympani 
inflation: hyperinflation 
shape: convex 


suprameatal fossa: absent 


basicapsular groove: absent 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


acusticum inferius 
crista transversa 


cochlear aqueduct position: dorsal 


Fig. 88. Dorsomedial (cerebellar) views of left 
(Cetacea, Odonotoceti). Scale = 1 cm. 

The dorsomedial surface (fig. 88) is en¬ 
tirely smooth, including around the internal 
acoustic meatus. The internal acoustic mea¬ 
tus is a large, reniform opening. The crista 


petrosal of Tursiops truncatus (AMNH-M 184930) 

transversa is low and poorly defined. Mead 
and Fordyce (2009:130, using the terminol¬ 
ogy “suprameatal fossa of the periotic”) 
stated that the prefacial commissure fossa is 
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vascular groove: 
present 

ventrolateral 
tuberosity: present 
shape: bump 


external acoustic 
meatus 

mastoid YY 
region: -Y\ 

size: targe \ \ 
shape: convex \ 
dorsally/flat '■ 
ventrally 



hiatus Fallopii distinct anterior hole: absent 


anterior process of the 
tegmen tympani: present 
size: large 
apex: pointed 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: hyperinflation 



Tursiops truncatus 


bulla 

ventrolateral 
tuberosity: present 



mastoid region:- ' 

size: large 
shape: convex 
dorsally/flat ventrally 


hiatus Fallopii distinct anterior hole: absent 

anterior process of the 
tegmen tympani: present 
size: large 

apex: pointed (out of view) 

tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: hyperinflation 


vascular groove: absent 


Monodon monoceros 



anterior process of the 
tegmen tympani: present 
size: targe 
apex: point 


ventrolateral 
tuberosity: present 
shape: knob 


mastoid region: 
size: large 
shape: convex 
dorsally/flat 
ventrally 



hiatus Fallopii distinct 
anterior hole: absent 


vascular groove: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: hyperinflatior 


Ziphius cavirostris 



Fig. 89. Dorsolateral views of left petrosal of Tursiops truncatus (AMNH-M 184930) (Cetacea, 
Odonotoceti), Monodon monoceros (AMNH-M 19315) (Cetacea, Odonotoceti), and Ziphius cavirostris 
(AMNH-M 70378) (Cetacea, Odonotoceti). Dorsomedial and ventrolateral surfaces are gray. 
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anterior 


medial 






stylomastoid notch 

mastoid plate: absent 


basicapsular groove: present 

promontory shape: hemispherical 

cochlear aqueduct 
position: dorsal 


fenestra cochleae 


mastoid region 
size: large 
shape: flat ventrally/ 
convex dorsally 


Ziphius cavirostris 



Fig. 90. Ventromedial views of left petrosals of Tursiops truncatus (AMNH-M 184930) (Cetacea, 
Odonotoceti), Monodon monoceros (AMNH-M 19315) (Cetacea, Odonotoceti), and Ziphius cavirostris 
(AMNH-M 70378) (Cetacea, Odonotoceti). Arrow indicates connection between two foramina. 
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dorsal 




internal 

acoustic 

meatus 


prefacial commissure fossa; absent 

tegmen tympani: 
shape: convex 
inflation: present 
type of inflation: hyperinflation 

hiatus Fallopii 

distinct hole at anterior 
tegmen tympani: absent 


promontorium shape: hemispherical 

Monodon monoceros 



internal 

acoustic 

meatus 


prefacial commissure fossa: absent 


tegmen tympani: 
shape: convex 
inflation: present 
type of inflation: 
hyperinflation 

hiatus Fallopii 

distinct hole at anterior 
tegmen tympani: absent 


promontorium shape: hemispherical 


Ziphius cavirostris 

Fig. 91. Anterior views of left petrosals of Tursiops truncatus (AMNH-M 184930) (Cetacea, 
Odonotoceti), Monodon monoceros (AMNH-M 19315) (Cetacea, Odonotoceti), and Ziphius cavirostris 
(AMNH-M 70378) (Cetacea, Odonotoceti). 
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an indistinct groove lateral to the internal 
acoustic meatus in Tursiops truncates. I think, 
however, that the prefacial commissure fossa 
is absent in this species and that the area 
dorsolateral to the internal acoustic meatus is 
flat to convex, not concave. There is a small 
fold running anteroposteriorly on the pars 
cochlearis but no clear basicapsular groove. 
Posterior to the internal acoustic meatus is a 
circular cochlear aqueduct, which has a 
raised lip, and a similar-sized vestibular 
aqueduct with no lip. The cochlear aqueduct 
is situated on the dorsomedial, not ventro¬ 
medial, surface of the bone. 

Dorsolaterally (fig. 89), the tegmen tym- 
pani is gently convex in both anteroposterior 
and mediolateral directions. Mead and For- 
dyce (2009) did not observe a vascular groove 
on the dorsolateral surface of the tegmen 
tympani; however, the specimen examined 
here does have a distinct, shallow groove on 
the dorsolateral surface of the anterior process 
of the tegmen tympani. This side of the bone 
also has several very tiny foramina and 
becomes slightly rough toward the posterior 
end. The ventrolateral tuberosity is a small 
bump anterior to the internal acoustic meatus. 

In ventromedial view (fig. 90) the hemi¬ 
spherical shape of the promontorium and 
lack of basicapsular groove are visible. The 
cochlear aqueduct is partly visible even 
though it is largely situated toward the 
dorsomedial surface. The stylomastoid notch 
is a subtle groove that does not extend along 
the mastoid region. 

Anteriorly (fig. 91), the absence of the 
prefacial commissure fossa is clear. The 
tegmen tympani is strongly convex. At its 
apex, the anterior process of the tegmen 
tympani assumes a wedge shape. The hiatus 
Fallopii is absent as a distinct hole seen in 
many noncetacean artiodactylans. The pre¬ 
facial commissure fossa is absent. 

Artiodactyla - Cetacea - Odontoceti - 
Monodontidae 

Monodon monoceros 
Figures 85, 89-93 

The ventrolateral (tympanic) surface 
(fig. 92) has a smooth hemispherical pro¬ 


montorium that lacks an epitympanic wing 
and posteromedial flange. The promontor- 
ium has neither transpromontorial sulci nor a 
sulcus for the stapedial artery. A broad crista 
interfenestralis separates the fenestra co¬ 
chleae and the fenestra vestibuli. The fenestra 
vestibuli and fenestra cochleae are both 
relatively round in outline shape. The fenes¬ 
tra cochleae has a slightly irregular outline 
that is pinched at its medial extreme; the 
fenestra cochleae is also larger than the 
fenestra vestibuli. Lateral to the promontor- 
ium there is no oval fossa for the tensor 
tympani muscle; instead, there is simply a 
shallow channel that does not excavate the 
adjacent tegmen tympani. 

On the pars canalicularis, the anterior 
process of the tegmen tympani is large, 
extending well anterior to the promontorium 
and terminating in a point. The tegmen 
tympani is hyperinflated, occupying about 
one-third the total width of the bone. In the 
epitympanic recess area, there is a large 
round fossa for the head of the malleus; 
posterior to this is a much smaller fossa 
incudis. The external acoustic meatus is a 
shallow trench lined by ridges of bone with a 
small, knob-shaped ventrolateral tuberosity 
at its anterior margin. The crista parotica is 
distinguished as a clear shelf medial to the 
fossa incudis and lateral to the secondary 
facial foramen. No tympanohyal was visible 
on this specimen, and the approximated place 
of attachment (if it was present) is indicated. 
Lateral to the fenestra vestibuli is the 
secondary facial foramen where it empties 
into the facial sulcus, which then wraps 
around the lateral side of the promontorium. 
The secondary facial foramen is lateral and 
just slightly anterior to the fenestra vestibuli. 
The stapedial muscle fossa is not particularly 
distinct from the narrow channel of the facial 
sulcus. The facial sulcus ends in a fairly open 
stylomastoid notch. On the anteromedial side 
of the pars cochlearis is a wide, knob-shaped 
caudal tympanic process, which is continuous 
with the wide crista interfenestralis. The 
mastoid region is large and the pars co¬ 
chlearis protrudes medially relative to it (i.e., 
the pars cochlearis and pars canalicularis 
meet at an angle medially). 

There are several contacts between the 
bulla and the petrosal (fig. 85). The anterior 
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bulla 


stapedial / 
muscle fossa 


round/oval fossa for tensor tympani: absent 

anterior process of the 
tegmen tympani: present 
size: large 
apex: point 

promontorium shape: hemispherical 

secondary facial foramen position: anterior 
epitympanic wing: absent 
transpromontorial sulcus: absent 


fenestra veslihuli 

sulcus for stapedial artery: absent 
posteromedial flange: absent- 


medial protrusion of pars 
cochlearis: present 

facial sulcus 
fenestra cochleae 
crista interfenestralis 

caudal tympanic process 
shape: mediolaterally broad 


hiatus Fallopii distinct 
anterior hole: absent 


distinct fossa for head 
of malleus: present 


interior 

L 


dorsolateral 


ventrolateral tuberosity: present 
shape: knob 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

epitympanic recess 
external acoustic meatus 


mastoid region: 
size: large 

shape: convex dorsally/ 
flat ventrally 


stylomastoid 
notch 

tympanohyal 
attachment site'r 



round/oval fossa for tensor tympani: absent 

anterior process of the 
tegmen tympani: presen . 
size: large 
apex: point 

epitympanic wing: absent 

promontorium shape: hemispherical 

secondary facial foramen position: anted 

transpromontorial sulcus: absent 

fenestra vestibuli 
(with stapes) 

sulcus for stapedial artery: absent 

medial protrusion of pars 
cochlearis: present 

posteromedial flange: absent 

fenestra cochleae 

crista interfenestralis 

facial sulcus 

caudal tympanic process 
shape: mediolaterally broad 

stapedial muscle fossa (out of view) 

stvlomastoid notch 


hiatus Fallopii distinct anterior hole: absent 

distinct fossa for head of malleus: present 

ventrolateral tuberosity: present 
shape: knob 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

ti tympanic recess 

external acoustic meatus 


mastoid region: 
size: large 

shape: convex dorsally/ 
flat ventrally 


fossa incudis 
crista parotica 
(out of view) 


Fig. 92. Ventrolateral (tympanic) views of left petrosal of Monodon monoceros (AMNH-M 19315) 
(Cetacea, Odonotoceti). Elatched areas indicated fused parts of tympanic bulla. Scale = 1 cm. 
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foramen 

acusticum 


foramen singulare 

subarcuate fossa: absent 
petromastoid canal: absent 


mastoid region:- 

size: large 

shape: convex dorsally/ 
flat ventrally 


hiatus Fallopii distinct hole at 
anterior tegmen tympani: absent 


prefacial 


foramen acusticum superius 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


prefacial commissure fossa: absent 


basicapsular groove: absent 


acoustic meatus 


surface around internal 
acoustic meatus: rough 


cochlear aqueduct 
position: dorsal 


crista transversa 


IlCI IUI 

L 


ventromedial 


vestibular aqueduct 



hiatus Fallopii distinct hole at 
anterior tegmen tympani: absent 


foramen 

acusticum 


prefacial commissure 


bulla 


foramen singulare 


surface around internal 
acoustic meatus: rough 


foramen acusticum superius 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


prefacial commissure fossa: absent 


basicapsular 
groove: absent 


internal acoustic meatus 


subarcuate fossa: absent 
petromastoid canal: absent 


mastoid region:- 

size: large 

shape: convex dorsally/ 
flat ventrally 


cochlear aqueduct 
position: dorsal 


crista transversa 


Fig. 93. Dorsomedial (cerebellar) views of left petrosal of Monodon monoceros (AMNH-M 19315) 
(Cetacea, Odonotoceti). Scale = 1 cm. 
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crus of the ectotympanic contacts the ante¬ 
rior part of the external acoustic meatus, and 
the posterior crus of the ectotympanic con¬ 
tacts the mastoid region. The mastoid region 
is roughened where it articulated with the 
ectotympanic. The anterior bulla contacts the 
anterior process of the tegmen tympani where 
the two bones fused. The contact covers 
about 50% of the size of the anterior process 
of the tegmen tympani. Antero- and postero- 
medially, there is no contact between the 
bulla and the petrosal. 

The dorsomedial (cerebellar) surface 
(fig. 93) exposes the pars cochlearis ante¬ 
riorly, which consists of rugose, jagged bone 
around the internal acoustic meatus. The 
foramen acusticum superius is circular in 
outline compared to the foramen acusticum 
inferius, which is oval in outline, and is the 
larger of the two foramina. The foramen 
singulare can be clearly identified in this 
specimen just posterior to the crista trans- 
versa. The pars cochlearis is spherical medi¬ 
ally and distinguished by the absence of a 
basicapsular groove. The prefacial commis¬ 
sure fossa is absent; instead, that area of the 
petrosal is slightly convex. The hyperinflated 
tegmen tympani is also convex both medio- 
laterally and anteroposteriorly. As noted 
above, but also visible in this view, is the 
anterior process of the tegmen tympani as it 
extends anterior to the pars cochlearis. The 
mastoid region has a convex dorsal surface 
and a flat ventral surface (see also figs. 89- 
90). Two other openings visible on the 
endocranial surface are the cochlear aque¬ 
duct and the vestibular aqueduct, both of 
which are relatively dorsal in position. 
There is no subarcuate fossa or petromastoid 
canal. 

The dorsolateral side (fig. 89) of the 
petrosal is dominated by the hyperinflated 
tegmen tympani, which has a curved, smooth 
surface. The overall outline of the bone in 
this view is rounded. Posteriorly, the surface 
texture of the mastoid region is pocked. 
There are no vascular grooves or spikes on 
the lateral surface. The ventrolateral tuber¬ 
osity is a small, knob-shaped structure. 

Ventromedially (fig. 90), the transition on 
the pars cochlearis from the roughened area 
adjacent to the internal acoustic meatus to 
the smooth promontorium ventrally is clearly 


delineated. The absence of the basicapsular 
groove is again visible here. The cochlear 
aqueduct is positioned within the jagged area 
of bone on the endocranial surface. The 
mastoid plate is absent. 

Anteriorly (fig. 91), the hemispherical 
shape of the promontorium is apparent, as 
is the absence of a hiatus Fallopii that is a 
distinct anterior hole. Despite the hyperin¬ 
flated and convex tegmen tympani, as noted 
above, the bone does not have a prefacial 
commissure fossa. 

Artiodactyla - Cetacea - Odontoceti - 
Ziphiidae 

ZlPHIUS CA VIROSTRIS 
Figures 85, 89-91, 94-95 

The petrosal of Ziphius was figured by 
Kasuya (1973). 

The ventrolateral (tympanic) surface of the 
petrosal (fig. 94) has a smooth promontor¬ 
ium that is hemispherical and that lacks both 
an epitympanic wing and a posteromedial 
flange extending either anteriorly or medially 
from it. The fenestra vestibuli is positioned 
anterior to the fenestra cochleae and has a 
circular outline shape. The fenestra cochleae 
is much larger than the fenestra vestibuli and 
has a generally oval, but slightly irregular, 
outline shape. A broad crista interfenestralis 
separates the two fenestrae. A probe inserted 
in the fenestra cochleae can pass directly to 
the large cochlear aqueduct. There is a ridge 
running on the promontorium just lateral to 
the fenestra cochleae. There are no transpro- 
montorial or stapedial artery sulci on the 
promontorium. A fully defined oval fossa for 
the tensor tympani is absent. 

On the pars cochlearis, the anterior process 
of the tegmen tympani is large and ends 
anteriorly in a point, from which extends a 
ridge posterolaterally. The tegmen tympani 
itself is hyperinflated, accounting for almost 
half the size of the bone, with a convex lateral 
margin. Directly anterior to the secondary 
facial foramen is an oval depression that is 
the fossa for the head of the malleus. Within 
the epitympanic recess is also a small fossa 
incudis inset on a triangular wedge of bone 
that abuts the anterior extreme of the crista 
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anterior process of the — 
tegmen tympani: present 
size: large 
apex: point 

round/oval fossa for tensor tympani: absent 

epitympanic wing: absent 

promontorium shape: 
hemispherical 


secondary facial foramen 
position: anterior 

transpromontorial sulcus: absent 

facial su 

posteromedial flange: absent 

fenestra vestibuli 

protrusion of pars cochleais: present 

sulcus for stapedial artery: absent 

fenestra cochleae 
crista interfenestralis 
caudal tympanic process: mediolaterally broad 
stapedial 

stylomastoid notch 
tympanohyal attachment site? 


mastoid region: 
size: large 

shape: convex dorsal surface, 
flat ventral surface 


parotica 


fossa 

incudis 


■ hiatus Fallopii distinct anterior hole: absent 


ventrolateral tuberosity: present 
shape, knob 


epitympanic recess 


external acoustic meatus 


distinct fossa for head 
of malleus: present 


interior 

t 

I-*-d 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 



anterior process of the 
tegmen tympani: prese , 
size: large 
apex: point 

distinct fossa for head of malleus: present 

round/oval fossa for 
tensor tympani: absent 

epitympanic wing: absent 
promontorium shape: hemispherical 

secondary facial forame 
position: anterior 
transpromontorial sulcus: absent 
posteromedial flange: 

facial sulcus 
fenestra vestibuli (with 

protrusion of pars cochleais: present 

sulcus for stapedial artery: 

fenestra cochleae 
crista interfenestralis 

caudal tympanic process: mediolaterally broad 

stapedial muscle fossa 

stylomastoid notch 
tympanohyal attachment site? 


. hiatus Fallopii distinct anterior hole: absent 


parotica fossa incudis 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


ventrolateral tuberosity: present 
shape; knob 


external acoustic meatus 


mastoid region: 
size: large 

shape: convex dorsal surface 
flat ventral surface 


Fig. 94. Ventrolateral (tympanic) views of left petrosal Ziphius cavirostris (AMNH-M 70378) (Cetacea, 
Odonotoceti). Striped areas indicate attached tympanic bulla. Scale = 1 cm. 
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anterior 


t 

1 -► ventromedial 


foramen acusticum inferius 



foramen acusticum 

prefacial commissure fossa: absent 

tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 

prefacial commissure 

crista transversa 

subarcuate fossa: absent 
petromastoid canal: absent 


mastoid region: - 

size: large 

shape: convex dorsally/ 
flat ventrally 


hiatus Fallopii distinct anterior hole: absent 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


basicapsular groove 
groove: present 
position: dorsal 


cochlear aqueduct 
position: dorsal 


vestibular aqueduct 

depression 



depression 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


prefacial commissure 
vestibular aqueduct 


internal acoustic meatus 


foramen acusticum superius 


prefacial commissure 
fossa: absent 


foramen acusticum 
inferius 


hiatus Fallopii distinct anterior hole: absent 


mastoid region:- 

size: large 

shape: convex dorsally/ 
flat ventrally 


surface around internal 
acoustic meatus: smooth 


basicapsular groove 
groove: present 
position: dorsal 


aqueduct 
position: dorsal 


subarcuate fossa .absent 
petromastoid canal: absent 


Fig. 95. Dorsomedial (cerebellar) views of left petrosal of Ziphius cavirostris (AMNH-M 70378) 
(Cetacea, Odonotoceti). Arrow indicates connection between two foramina. Scale = 1 cm. 


parotica. The crista parotica wraps as a 
distinct crest lateral to the facial sulcus; a 
possible, but unconfirmed, attachment site 
for the tympanohyal is indicated. Just poste¬ 


rior to a knob-shaped ventrolateral tuberos¬ 
ity is the external acoustic meatus, a shallow 
trough lateral to the opening of the second¬ 
ary facial foramen, which emerges from deep 
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within the roof of the fossa for the head of 
the malleus and feeds onto the facial sulcus. 
The facial sulcus is a relatively open and 
broad trough that winds lateral to the 
stapedial muscle fossa, with the latter being 
a shallow, oval area near the stylomastoid 
notch. A caudal tympanic process arises 
posterior to the fenestra cochleae and stape¬ 
dial muscle fossa and is a low, wide bump 
that exhibits continuity with the crista inter- 
fenestralis. The large mastoid region has a 
smooth, featureless flat surface ventrally, as 
observed by Kasuya (1973: 18). The pars 
cochlearis protrudes medially relative to the 
mastoid region, such that there is an angle 
formed approximately at the anteromedial 
aspect of the mastoid region. 

There are several contacts (fig. 85) be¬ 
tween the petrosal and the tympanic. Two of 
these are between the ectotympanic and the 
lateral petrosal. The anterior crus of the 
tympanic ring contacts the ventrolateral 
tuberosity. The posterior crus of the tympa¬ 
nic ring contacts a large, smooth area on the 
mastoid region. The anterior tympanic bulla 
contacts and fuses to the anterior process of 
the tegmen tympani. This contact occurs over 
approximately one-third the total size of the 
anterior process of the tegmen tympani. The 
medial tympanic bulla contacts the promon- 
torium, not at its ventromedial edge as in 
many other taxa but at a small area anterior 
to the fenestra cochleae. The posterior bulla 
does not contact the petrosal. 

The dorsomedial (cerebellar) surface 
(fig. 95) is completely smooth. On the pars 
cochlearis, the internal acoustic meatus lacks 
a well-defined edge surrounding both the 
foramen acusticum superius and the foramen 
acusticum inferius. The foramen acusticum 
superius is smaller than the foramen acusti- 
cum inferius. A wide and relatively tall crista 
transversa separates the two foramina. Medi¬ 
ally, the pars cochlearis is ovoid and appears 
to have a very subtle indication of a 
basicapsular groove. In this view it is 
apparent that on the pars canalicularis, the 
anterior process of the tegmen tympani is 
extremely large, that it terminates anteriorly 
as a point, and that the tegmen tympani is 
convex and hyperinflated. Dorsolateral to the 
internal acoustic meatus, the pars cochlearis 
is convex and lacks a prefacial commissure 


fossa. Posterior to the internal acoustic 
meatus are two foramina, the vestibular and 
cochlear aqueducts. These are relatively 
large, are positioned close to each other, 
and are on the dorsomedial surface. The 
cochlear aqueduct is so large that it wraps 
partially around to the ventromedial surface. 
There is no subarcuate fossa or petromastoid 
canal. There is a large, irregular depression 
on the dorsal surface of the mastoid region. 
The mastoid region is convex on the dorsal 
surface. 

The dorsolateral surface (fig. 89) is convex 
in two directions, mediolaterally and ante- 
roposteriorly. The tegmen tympani is hyper- 
inflated. It has a small curved groove at the 
posterior part of its anterior process, a 
feature that was also observed in specimens 
examined by Kasuya (1973). It also has a 
small mediolaterally oriented groove just 
anterior to that, both of which may have 
been vascular grooves. The anterior process 
has a smooth square facet and the mastoid 
region has three small (vascular?) foramina. 
The ventrolateral tuberosity is small and 
knob-shaped. 

Ventromedially (fig. 90), a faint ridge is 
visible on the pars cochlearis, roughly de¬ 
marcating the dorsomedial from the tympa¬ 
nic side. The faint basicapsular groove noted 
above is situated toward the dorsomedial 
side. Most directly visible in medial view is 
the large cochlear aqueduct, as well as the 
relatively large size of the anterior process of 
the tegmen tympani and the mastoid region. 
The full continuity between the cochlear 
aqueduct and the fenestra cochleae is also 
visible from this side of the bone (fig. 90, 
arrow). The mastoid region has a flat ventral 
surface and a convex dorsal surface; the 
mastoid plate is absent. The dorsolateral view 
(fig. 89) demonstrates the knob-shaped ven¬ 
trolateral tuberosity, the shape of the mastoid 
region, and the small vascular groove situ¬ 
ated at the anterior aspect of the tegmen 
tympani. 

Anteriorly (fig. 91), it is apparent that 
there is no distinct anterior hole demarcating 
the hiatus Fallopii as seen in many non¬ 
cetacean artiodactylans. The convexity of the 
dorsal surface of the tegmen tympani is also 
apparent, as is its large size and the absence 
of the prefacial commissure fossa. 
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crista interfenestralis 


epitympanic wing: present 
hiatus Fallopii: ? 


promontorium shape: hemi-ellipsoid 
transpromontorial sulcus: absent 
posteromedial flange: present 
protrusion of pars cochlearis: present 

sulcus for stapedial artery: absent 

fenestra cochleae 

caudal tympanic process: 
mediolaterally wide 

facial sulcus 
stapedial muscle fossa 
stylomastoid notch 

tympanohyal attachment site? 


round/oval fossa for tensor tympani: not preserved 

vestihuli 

secondary facial foramen position: anterior 
ventrolateral tuberosity: ? 

epitympanic recess 

distinct fossa for head of malleus: absent 

external acoustic meatus 


interior 

t 

I-►d 


mastoid region: 
size: large 
shape: wedge 


Fig. 96. Ventrolateral (tympanic) views of left petrosal of t Pakicetus inachus (HGSP 96231, some 
features corroborated on HGSP 96386) (Cetaceamorpha). The specimen has been illustrated in situ not as 
an isolated petrosal, and thus some aspects of the petrosal (e.g., tegmen tympani) were not visible for 
study. Scale = 1 cm. 


Artiodactyla - Cetaceamorpha - 
fPAKICETIDAE 

t Pakicetus inachus 

Figure 96 

This specimen has been described and 
figured elsewhere (Gingerich and Russell. 
1981; Oelschlager, 1987; Thewissen and 
Flussain, 1998; Luo, 1998; Luo and Ginger¬ 
ich, 1999); however, because of its relevance 
to the phylogeny, its transitional morphol¬ 
ogy, and its relative completeness, it is 
reviewed again here to facilitate direct 
comparison with many artiodactylans to 
which it has not previously been compared. 
Other fpakicetid basicranial material has 
been noted for this taxon (Nummela et al., 
2004), but no other petrosal has actually been 
described or figured for this taxon. This 
description is based on a cast. 

The petrosal is in situ, and thus only the 
ventrolateral surface is visible for description 


(fig. 96). The promontorium is smooth and 
oval in outline (hemi-ellipsoid) and does bulge 
ventrally except just over the fenestra vesti- 
buli. The fenestra cochleae and fenestra 
vestibuli are both oval in outline, are roughly 
the same size, and are separated by a relatively 
narrow crista interfenestralis. As noted by 
Luo and Gingerich (1999), there are no 
transpromontorial sulci or sulci for the 
stapedial artery crossing the promontorium. 
I agree with Luo and Gingerich (1999) that 
one cannot tell from this specimen if there was 
a basicapsular groove. Extending from the 
promontorium anteriorly and medially are an 
epitympanic wing and a posteromedial flange. 

The pars canalicularis is not fully visible 
given that the specimen is in situ and the 
adjacent squamosal bone covers part of the 
tegmen tympani. There is a deep oval pit 
between the promontorium and what is 
visible of the tegmen tympani, which is most 
likely the fossa for the tensor tympani 
muscle. This is not well preserved on the 
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specimen here but can be corroborated by in 
HGSP-96386, where it is also clear that this 
fossa does not excavate the surrounding 
tegmen tympani. Posterior to the fossa for 
the tensor tympani muscle is a second 
elongate pit that may be slightly broken on 
the edges. This pit is probably the secondary 
facial foramen feeding onto the facial sulcus. 
The size and shape of the tegmen tympani are 
difficult to assess because the petrosal is 
tightly articulated with the adjacent squamo¬ 
sal. It is not clear whether the ventrolateral 
tuberosity was present. The epitympanic 
recess is nondescript and has no large fossa 
for the head of the malleus as in extant 
cetaceans. There is a wide caudal tympanic 
process posterior to the fenestra cochleae that 
separates it distinctly from the stapedial 
muscle fossa. Luo and Gingerich (1999) 
interpreted a small bump in the region of 
the stapedial muscle fossa to be the attach¬ 
ment site for the tympanohyal. The mastoid 
region is rough and elongate, exceeding 100% 
of the length of the promontorium. The pars 
cochlearis meets the mastoid region at an 
angle of approximately 150°, and thus it 
protrudes medially relative to the mastoid 
region. The mastoid region is tightly articu¬ 
lated with the adjacent occipital and squa¬ 
mosal bones. The mastoid region of Pakice- 
tus forms the posterior wall of the dorsal 
portion of the external acoustic meatus. I 
point this out because in many other taxa this 
wall is formed by the squamosal. 

On the right side of the skull the tympanic 
bulla is in situ; however, it is difficult to tell 
exactly how this bone contacted the petrosal. 
As noted by Luo and Gingerich (1999), there 
does appear to have been a clear articulation 
between the posterior crus of the ectotympa- 
nic (which they noted is quite expanded in 
this species) and the large mastoid region 
superior to it. Anteriorly, there may have 
been contact between the anterior crus of the 
ectotympanic and the petrosal but it is 
difficult to be certain of this. There was a 
clear articulation between the anterior tym¬ 
panic bulla and the squamosal; however, it is 
not clear whether this contact also extended 
to the petrosal. The medial bulla certainly 
contacted the basioccipital, but it is not clear 
whether there was a separate contact between 
the bulla and the medial promontorium. 


Artiodactyla - Cetaceamorpha - 

tBASILOSAURIDAE 

f Basilosaurus ISIS 

Figures 97, 99-102 

The specimen is an isolated petrosal that 
has a broken mastoid region, and it was also 
figured by Luo and Gingerich (1999: 19, 20B, 
D). I have no new information on contacts of 
this bone with the auditory bulla. 

The ventrolateral pars cochlearis (fig. 97) 
of the petrosal consists of a smooth promon¬ 
torium with a pronounced convexity ante¬ 
romedial to the fenestra cochleae. The 
fenestra cochleae and fenestra vestibuli are 
roughly equal in size, but the fenestra 
cochleae is slightly more oval than the 
fenestra vestibuli. Extending from the fenes¬ 
tra cochleae is a short but distinct groove that 
runs to the ventromedial edge of the tympa¬ 
nic surface. The crista interfenestralis is a 
wide ridge such that the fenestrae are 
separated in a pronounced fashion. The 
promontorium is ovoid and drops off steeply 
at its anterior and medial edges, indicating 
an absence of the epitympanic wing and 
posteromedial flange. The texture of the 
medial surface of the promontorium is 
characterized by thin vertical grooves. The 
promontorium has a clear, broad groove 
running posteromedial to anterolateral; how¬ 
ever, in previous descriptions (Luo and 
Gingerich, 1999) this has not been considered 
a transpromontorial sulcus. There is no clear 
fossa for the tensor tympani muscle. Luo and 
Gingerich (1999: fig. 20B, D) suggested that 
this muscle occupied a shallow groove 
between the promontorium and the tegmen 
tympani. 

On the pars canalicularis, the tegmen 
tympani is hyperinflated and extends well 
anterior to the promontorium. The entire 
anterior process of the tegmen tympani ends 
at an apex that tapers to a point. There is a 
large fossa for the head of the malleus that is 
round, shallow, and marked by a knob¬ 
shaped ventrolateral tuberosity anteriorly. 
Posterior to this is a small fossa incudis 
(Luo and Gingerich, 1999). The secondary 
facial foramen emerges just posterior to the 
fossa for the head of the malleus and feeds 


2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


157 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 

round/oval fossa for tensor tympani: absent 
fenestra vestibuli 
epitympanicwing: absent 
promontorium shape: hemispherical 
transpromontorial sulcus: absent 

posteromedial flange: absent 
sulcus for stapedial artery: absent 

medial protrusion of the 
pars cochlearis: present 

fenestra cochleae 
groove 

crista interfenestralis 


hiatus Fallopii distinct 
anterior hole: absent 


caudal tympanic process: 
mediolaterally broad 



interior 

t 

I -*-ci 


ventrolateral tuberosity: present 
shape: knob 

distinct fossa for head of malleus: present 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


epitympamc recess 


external acoustic meatus 

fossa incudis 

secondary facial foramen 
position: anterior 

mastoid region: not preserved 


facial sulcus 


crista parotica 
tympariohyal attachment site? 



anterior process of the 
tegmen tympani: present 
size: large 
apex: point 

hiatus Fallopii distinct anterior hole: absent 
round/oval fossa for tensor tympani: absent 
fenestra vestibuli 
epitympanicwing: absent 
promontorium shape: hemispherica 

transpromontorial sulcus: absent 
posteromedial flange: absent 


medial protrusion of the 
pars cochlearis: present 

sulcus for stapedial artery: absent 

groove 

caudal tympanic process: 

mediolaterally broad , ,, 

fenestra cochleae 

crista interfenestralis 


facial sulcus 


muscle fossa 


ventrolateral tuberosity: present 
shape: knob 

distinct fossa for head of malleus: present 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 

epitympanic recess 
external acoustic meatus 

fossa incudis 

secondary facial foramen 
position: anterior 


mastoid region: not preserved 

crista parotica 
tympanohyal attachment site? 


Fig. 97. Ventrolateral (tympanic) views of left petrosal of f Basilosanrus isis (UM 97507) 
(Cetaceamorpha, Basilosauridae). Striped areas indicate a break where the mastoid region is attached. 
Scale = 1 cm. 
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anterior 

t 

I-►dorsolateral 

anterior bulla 

medial bulla contact: ? 



Mesonyx obtusidens 

Fig. 98. Tympanic contacts with ventrolateral 
petrosal of f Mesonyx obtusidens (AMNH-VP 
12643) (fMesonychia, fMesonychidae). Tympanic 
contacts not shown for fBasilosaurus isis, f Dor- 
udon atrox , and 'fDissacus praenuntius (no new 
information available). 

onto a facial sulcus directed toward the 
medial edge of the promontorium. The 
stapedial muscle fossa may have been present 
but the area is broken posteriorly and it is 
difficult to determine the extent of this 
structure. The crista parotica is partly pre¬ 
served where it runs lateral to the secondary 
facial foramen. The caudal tympanic process 
is wide mediolaterally and situated posterior 
to the fenestra cochleae. Although the 
mastoid region is not preserved in this 
specimen, the promontorium protruded 
medially relative to it based on comparisons 
with complete specimens (Kellogg, 1936; Luo 
and Gingerich [1999] did not present new 
information on the mastoid region). 

Luo and Gingerich (1999), in a general 
description of the tympanic-petrosal complex 
in Basilosauridae, described contacts between 
the petrosal and the modified anterior and 
posterior crura of the tympanic (fig. 98). The 
articulation of the posterior crus of the 
tympanic ring is particularly large (fig. 98). 


These authors did not indicate contacts 
between the medial petrosal and the medial 
tympanic bulla. 

The dorsomedial surface of the petrosal 
(fig. 99) is extremely rough, including the 
area surrounding the internal acoustic mea¬ 
tus (this is the original, undamaged surface; 
P.D. Gingerich, personal commun.). The 
specimen has a large, oval, internal acoustic 
meatus with a tall lip at the anterior and 
posterior ends. Posterior to this are the 
cochlear and vestibular aqueducts (see also 
fig. 101), which are relatively small, closely 
appressed, and situated on the internal sur¬ 
face. Dorsolaterally, there is an extremely 
large prefacial commissure fossa that occu¬ 
pies a significant portion of the petrosal. This 
convex area extends both anterior and 
posterior to the internal acoustic meatus 
and excavates the dorsal surface of the 
hyperinflated tegmen tympani. There is a 
small, deep hole at the junction of the 
anterior process and the pars cochlearis 
(Luo and Gingerich [1999] also did not label 
this). Both the subarcuate fossa and the 
petromastoid canal are absent. 

Dorsolaterally (fig. 100), the hyperinflated 
tegmen tympani is visible with a vascular 
groove at the base of the anterior process. 
This groove runs the full length of the lateral 
surface dorsally to medially. The lateral 
surface is generally smooth but is marked 
by a few knobs and pits, and it is convex in 
overall shape. The ventrolateral tuberosity 
can also be seen in this view as a small, knob¬ 
shaped structure. 

Ventromedially (fig. 101), as noted above, 
the promontorium forms a distinct hemi¬ 
sphere with a sharp edge where it meets the 
endocranial surface of the petrosal. There is 
no basicapsular groove. Luo and Gingerich 
(1999: fig. 20B, D) suggested that the hiatus 
Fallopii lies deep within the anterior process 
on the medial surface, which means it should 
therefore be visible in anterior view (fig. 102). 
I think, however, it is not clear exactly where 
this foramen was positioned, but it is evident 
that a distinct anterior hole as is seen in many 
noncetacean cetartioadactylans was absent. 
The large prefacial commissure fossa is clear 
in this view as a large excavation in the 
hyperinflated tegmen tympani. 
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foramen acusticum inferius 


prefacial commissure 

prefacial commissure 
fossa: present 

tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 

crista transversa 


basicapsular groove: absent 


internal acoustic meatus 


subarcuate fossa: absent 
petromastoid canal: absent 


surface around 
internal acoustic 
meatus: rough 


anterior 

t 

1 -► ventromedial 


cochlear aqueduct: 
position: dorsal 


hiatus Fallopii distinct anterior hole; absent 


foramen acusticum superius 


mastoid region 
not illustrated 


vestibular aqueduct 


foramen acusticum superius 



prefacial commissure 


hiatus Fallopii distinct anterior hole; absent 


subarcuate fossa: absent 
petromastoid canal: absent 


surface around 
internal acoustic 
meatus: rough 


acusticum inferius 


cochlear aqueduct: 
position: dorsal 


prefacial commissure 
fossa: present 


tegmen tympani: 
inflation: present 
degree: hyperinfla 
shape: convex 


basicapsular groove: absent 


internal acoustic meatus 


crista transversa 


mastoid region - 
not illustrated 


vestibular aqueduct 


Fig. 99. Dorsomedial (cerebellar) views of left petrosal of f Basilosaurus isis (UM 97507) 
(Cetaceamorpha, Basilosauridae). Scale = 1 cm. 
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hiatus Fallopii distinct anterior hole: absent 


ventrolateral 
tuberosity: present 
shape: knob 



mastoid region 
not preserved 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 


vascular groove: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: 
hyperinflation 


Basilosaurus isis 



hiatus Fallopii distinct anterior hole: absent 


ventrolateral 
tuberosity: present 
shape: knob 


mastoid region 
not preserved 



anterior process of the 
tegmen tympani: present 
size: large 
apex: not preserved 

vascular groove: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation: 
hyperinflation 


Dorudon atrox 



Fig. 100. Dorsolateral views of left petrosals of t Basilosaurus isis (UM 97507) (Cetaceamorpha, 
Basilosauridae) and f Dorudon atrox (UM 94812) (Cetaceamorpha, Basilosauridae). 


Artiodactyla - Cetaceamorpha - 
I'Basilosauridae 

t Dorudon atrox 
Figures 100-104 

The specimen examined here has also been 
described and figured by Luo and Gingerich 
(1999: figs. IE, 2C, 20A, C) and noted by 
Uhen (2004). It is refigured here because of 
its comparative relevance to the homologies 
in many artioadactylans. This petrosal is 
incompletely preserved. The posterior end, 
which consisted of an elongate mastoid 
region (Kellogg, 1936; see also Luo and 
Gingerich, 1999), is not present. Part of the 
anterior process of the tegmen tympani is 


also broken. Figure 103 does not show 
restored anterior and posterior processes as 
in Luo and Gingerich (1999: fig. 2C), but the 
matrix reflects the information in Luo and 
Gingerich (1999: fig. 20C) on more complete 
specimens. I present no new information on 
the bulla in this taxon. 

On the ventrolateral pars cochlearis 
(fig. 103), the promontorium is smooth and 
very bulbous, particularly anterior to the 
fenestra cochleae, where there is a pro¬ 
nounced, elongate bulge. The fenestra vesti- 
buli and fenestra cochleae are close in size. 
The fenestra cochleae is oval and irregular in 
outline, and the fenestra vestibuli is round in 
outline shape. Luo and Gingerich (1999: 45) 
made the interesting observation that there is 
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anterior 





Fig. 101. Ventromedial views of left petrosals of t Basilosaurus isis (UM 97507) (Cetaceamorpha, 
Basilosauridae) and t Dorudon atrox (UM 94812) (Cetaceamorpha, Basilosauridae). 


a clear groove extending from the fenestra 
cochleae to the medial edge of the promon- 
torium in this species. This is indeed the case. 
The crista interfenestralis is a wide, bulging 
process of bone intervening between the two 
fenestrae. There are no sulci crossing the 
promontorium. The promontorium is more 
hemispherical than hemi-ellipsoid in shape 
(see also fig. 102), and the pars cochlearis 
lacks both an epitympanic wing and a 
posteromedial flange, as there are no distinct, 
flattened processes extending anterior or 
medial from the promontorium. There is no 
distinct excavation indicating a fossa for the 
tensor tympani as seen in noncetacean 
artiodactylans. Luo and Gingerich (1999) 
hypothesized that the muscle would have 


instead occupied an open groove anterior to 
the fenestra vestibuli, and they suggested that 
the groove between the promontorium and 
the tegmen tympani was the most likely 
candidate for the homolog of the fossa for 
the tensor tympani. 

The lateral third of the ventrolateral sur¬ 
face is occupied by a hyperinflated tegmen 
tympani, which has a large anterior process 
that extends anterior to the promontorium. 
Luo and Gingerich (1999) stated that the 
anterior process of the tegmen tympani was 
pointed, but this cannot be verified in this 
specimen and may have been based on other 
data. A large fossa for the head of the 
malleus that is shallow and round sits 
between the inflated tegmen tympani and 
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dorsal 
> k 




promontorium shape: 
hemispherical 


Dorudon atrox 

Fig. 102. Anterior views of left petrosals of f Basilosaurus isis (UM 95707) (Cetaceamorpha, 
Basilosauridae) and f Dorudon atrox (UM 94812) (Cetaceamorpha, Basilosauridae). 


the promontorium and occupies a relatively 
anterior position. Posterior to this is a small 
fossa incudis (Luo and Gingerich, 1999). Luo 
and Gingerich (1999: 45; see also Geisler and 
Luo, 1996) stated that the relative sizes and 
depths of these structures resembled those of 
odontocetes but not mysticetes. Both of these 
fossae are ventrally offset relative to the 
adjacent secondary facial foramen, just pos¬ 
terior to the fossa for the head of the malleus 
and medial to the fossa incudis. A distinct 
facial sulcus extends from the secondary 
facial foramen toward the medial edge of 


the promontorium. The area where the 
stapedial muscle fossa may have been is 
damaged and the nature of this structure is 
uncertain (Luo and Gingerich [1999] indi¬ 
cated that it is present). The original speci¬ 
men does not show clear evidence of a 
tympanohyal as indicated by Luo and 
Gingerich (1999); however, this area is poorly 
preserved and the presence or absence of this 
structure cannot be decided with confidence. 
The crista parotica is only partially intact. 
The ventrolateral tuberosity anterior to the 
external acoustic meatus is small and knob- 
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distinct fossa for head of malleus: present 

round/oval fossa for tensor tympani: absent 

secondary facial foramen 
position: anterior 

epitympanic wing: absent 

promontorium shape: hemispheric 

facial sulcus 

sulcus for stapedial artery: absent 
transpromontorial sulcus: absent 


external acoustic meatus 


anterior 

L 


hiatus Fallopii distinct anterior hole: absent 


anterior process of the 
tegmen tympani: present 
size: large 
apex: not preserved 


ventrolateral tuberosity: present 
shape: knob 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


epitympanic recess 


posteromedial flange: absent 


fenestra vestihuli 
fenestra cochleae 

groove 

caudal tympanic process: mediolaterally broad 

crista interfenestralis 


(approximated) 


■ mastoid region: not preserved 

crista parotica 
tympanohyal attachment? 


medial protrusion of — 
pars cochlearis: present 


incudis 


dorsolateral 



hiatus Fallopii distinct anterior hole: absent 


round/oval fossa for tensor tympani: absent 
distinct fossa for head of malleus: present 
epitympanic wing: absent 

promontorium shape: hemispherical 

secondary facial 
position: anterior 

fenestra vestibuli 

sulcus for stapedial artery: absent 
transpromontorial sulcus: absent 

medial protrusion of 
pars cochlearis: present 

posteromedial flange: absent 

fenestra cochleae 

groove 

crista interfenestralis 


caudal tympanic process: mediolaterally broad 


anterior process of the 
tegmen tympani: present 
size: large 
apex: not preserved 


fossa incudis 


mastoid region: not preserved 


crista parotica 
tympanohyal attachment? 


facial sulcus 


external acoustic meatus 


ventrolateral tuberosity: present 
shape: knob 


tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflation 


epitympanic recess 


Fig. 103. Ventrolateral (tympanic) views of left petrosals of f Dorudon citrox (UM 94812) 
(Cetaceamorpha, Basilosauridae). Scale = 1 cm. Hatching indicates damaged areas. 
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bump 


foramen acusticum inferiu\ 


cochlear aqueduct 
position: dorsal 


baslcapsular groove: absent 

internal acoustic meatus 


surface around 

internal acoustic meatus: 

rough 


uei iui 

L 


ventromedial 


prefacial commissure 


subarcuate fossa: absent 
petromastoid canal: absent 


mastoid region: 
not preserved 


crista transversa 

vestibular aqueduct 


foramen acusticum superius 


hiatus Fallopii distinct 
hole at anterior margin: absent 


prefacial commissure fossa: present 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 



subarcuate fossa: absent 
petromastoid canal: absent 


surface around 

internal acoustic meatus: 

rough 


basicapsular groove: absent 


internal acoustic meatus 


foramen acusticum inferius 

cochlear aqueduct 
position: dorsal 


prefacial commissure fossa: present 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


acusticum superius 


hiatus Fallopii distinct 
hole at anterior margin: absent 


mastoid region: 
not preserved 


crista transversa 


hump 


vestibular aqueduct 


Fig. 104. Dorsomedial (cerebellar) views of left petrosals of f Dorudon atrox (UM 94812) 
(Cetaceamorpha, Basilosauridae). Hatched areas are broken. Scale = 1 cm. 
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shaped. The external acoustic meatus has to 
be approximated due to poor preservation. 

Luo and Gingerich (1999: 46), in a general 
description of the tympanic-petrosal complex 
in Basilosauridae, described contacts between 
the lateral side of the petrosal and the 
anterior and poster crura of the ectotympanic 
(which are highly transformed in cetaceans). 
The articulation of the posterior crus is 
particularly large. They did not describe 
contacts between the medial petrosal and 
the medial bulla. As noted above, I have no 
new information to report here on bullar 
contacts. 

The dorsomedial surface of the petrosal 
(fig. 104) is roughly square given that the 
mastoid region is not preserved. The dor¬ 
somedial surface texture is rough, including 
the area surrounding the internal acoustic 
meatus. This species has a large, oval internal 
acoustic meatus divided by a thin, sharp 
crista transversa. At the posteroventral mar¬ 
gin of the internal acoustic meatus is a small 
bump. Dorsolateral to the internal acoustic 
meatus is a large prefacial commissure fossa, 
an extensive convexity on the endocranial 
surface of the tegmen tympani. The extent of 
the hyperinflated tegmen tympani, which is 
convex (“barrel-shaped,” Geisler and Luo 
[1998]), can be seen in this view as well as in 
anterior (fig. 102) and dorsolateral (fig. 100) 
views. Posterior to the internal acoustic 
meatus are two smaller foramina, the en¬ 
dolymphatic and perilymphatic foramina (as 
indicated by Luo and Gingerich, 1999). The 
subarcuate fossa and petromastoid canal are 
both absent. 

In dorsolateral view (fig. 100), crossing the 
lateral side of the anterior process of the 
tegmen tympani is a large dorsoventrally 
oriented vascular groove. Luo and Gingerich 
(1999: 45) stated that this groove is also 
present in fpakicetids and fprotocetids. 
Ventromedially (fig. 101), the promontorium 
transitions from smooth on the tympanic side 
to very rough on the dorsomedial side. There 
is no basicapsular groove and the cochlear 
aqueduct is not visible because it is on the 
endocranial surface. 

An anterior view (fig. 102) shows the 
excavation associated with the prefacial 
commissure fossa, as well as the sharp edge 
demarcating the division between the dorsal 


and ventral surfaces of the bone. It also 
indicates that there is no distinct hiatus 
Fallopii. Luo and Gingerich (1999) hypothe¬ 
sized that the greater petrosal nerve branches 
within the tympanic cavity in this taxon. 

fMESONYCHIA - tMESONYCHIDAE 

t Dissacus praenuntius 

Figures 105-109 

The petrosal specimen discussed here was 
also described and figured by Luo and 
Gingerich (1999: figs. 3B, 6-7). The specimen 
is broken at its anterolateral margin and 
posteriorly across the pars canalicularis (with 
the latter piece being separately preserved). I 
had access to the anterior part of this 
specimen only, and thus information in the 
matrix regarding the mastoid region comes 
from Luo and Gingerich (1999). 

The promontorium (fig. 105) is hemi- 
ellipsoid and bulbous over the fenestra 
cochleae, tapering into a flat shelf, the 
epitympanic wing, toward the anteromedial 
border. More posteriorly off the pars co- 
chlearis is a posteromedial flange that was 
probably continuous with the epitympanic 
wing; however, the specimen is not fully 
intact in this area. There are no distinct 
transpromontorial grooves; however, note 
that Luo and Gingerich (1999: fig. 7) did 
reconstruct a transpromontorial course for 
the internal carotid artery in this taxon. 
These authors also suggested that there may 
be a sulcus for the stapedial artery, but I find 
this difficult to see. The tegmen tympani is 
moderately inflated (see also Luo and Gin¬ 
gerich, 1999: 23), measuring approximately 
one-third the total width of the petrosal. The 
anterior process of the tegmen tympani is 
broken, so its full size and shape are 
unknown, as is its relationship to the 
promontorium. Luo and Gingerich (1999) 
stated, however, that there was an anterior 
process of the tegmen tympani that bore a 
“striking resemblance to the anterior process 
of the cetacean petrosals”; however, based on 
what is preserved of this specimen, I think 
this process is no more similar to the anterior 
process of cetaceans than it is to the anterior 
process of most noncetacean artiodactylans. 
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promontorium shape: hemi-ellipsoid 
epitympanic wing: present 

sulcus for stapedial artery: absent 
transpromontorial sulcus: absent 

crista interfenestralis 
fenestra cochleae 

posteromedial flange: present 


medial protrustion of pars — 
cochlearis: not preserved 

caudal tympanic process: 
mediolaterally broad 

facial sulcus 
stylomastoid notch 

stapedial muscle fossa 
f approximated) 

tympanohyal attachment 
(not preseverd) 


hiatus Fallopii at anterodorsal 
margin: not preserved 



interior 

L 


dorsolateral 


anterior process of the tegmen tympani: present 
size: not preserved 

ventrolateral tuberosity: present 
shape: bump 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

tegmen tympani 
shape: convex 
inflation: present 
degree: moderate 

secondary facial foramen 
position (approximated): anterior 


epitympanic recess 

distinct fossa for head of malleus: absent 


external acoustic meatus 


- mastoid region: 
not illustrated 



promontorium shape: hemi-ellipsoid 
epitympanic wing: present 
sulcus for stapedial artery: abser 
transpromontorial sulcus: absent 

crista interfenestralis 

medial protrustion of pars 
cochlearis: not preserved 

posteromedial flange: present 

fenestra cochlec 

caudal tympanic process: 
mediolaterally broad 

stapedial muscle fossa (approximated) 

stylomastoid notch 


fenestra 


hiatus Fallopii , . ... 

at anterodorsal anterior process of the 

margin: not tegmen tympani: 

Present 

size: not preserved 


ventrolateral tuberosity: present 
shape, bump 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

tegmen tympani 
shape: convex 
inflation: present 
degree: moderate 
secondary facial foramen 
position (approximated): anterior 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


external acoustic meatus 

- mastoid region: 
not illustrated 


tympanohyal attachment 
(not preseverd) 


sulcus 
crista parotica 


Fig. 105. Ventrolateral (tympanic) views of left petrosal of f Dissacus praenuntius (UM 75501) 
(fMesonychia, tMesonychidae). Hatched areas are broken. Scale = 1 cm. 







2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


167 


hiatus Fallopii 
foramen nof preserved 

acusticum 


anterior 

tl 

1 -► ventromedial 



cochlear aqueduct 
position (approximated): 
ventral 


mastoid region: 
not illustrated 


vestibular aqueduct (not preserved) 


prefacial 

commissure 


superius 


basicapsular groove: present 
position: dorsal 


subarcuate fossa: present 
shape: wide and very shai 


petromastoid canal: present 


prefacial commissure fossa: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree: moderate 


internal acoustic meatus 


surface around 

internal acoustic meatus: 

smooth 


foramen 

acusiicum 

inferius 


crista transversa 



mastoid region: — 
not illustrated 


hiatus Fallopii: 
not preserved 


basicapsular groove: present 
position: dorsal 


internal acoustic meatus 


surface around 

internal acoustic meatus: 

smooth 


foramen 

acusticum 

inferius 


vestibular aqueduct (not preserved) 


foramen acusticum superius 


prefacial commissure 


crista transversa 


prefacial commissure fossa: present 


tegmen tympani: 
shape: convex 
inflation: present 
degree: moderate 


petromastoid canal: present 


subarcuate fossa: present 
shape: wide and very shallow 


cochlear aqueduct 
position (approximated): 
ventral 


Fig. 106. Dorsomedial (cerebellar) views of left petrosal of f Disscicus praenuntius (UM 75501) 
(tMesonychia, tMesonychidae). Hatched areas are broken. Scale = 1 cm. 
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ventrolateral 
tuberosity present 
shape: knob 



hiatus Fallopii: not preserved 
vascular groove: present 


anterior process of the 
tegmen tympani: present 
shape: not preserved 

tegmen tympani: 
shape; convex 
inflation: present 
degree of inflation: moderate 


Dissacus praenuntius 



hiatus Fallopii: not preserved 


mastoid region: 
size: large 
shape: wedge 



tegmen tympani: p 
size: small 
apex: blunt 

vascular groove: prr 

tegmen tympani: 
shape: convex 
inflation: present 
degree of inflation 
hyperinflated 



Mesonyx obtusidens 


Fig. 107. Dorsolateral views of left petrosals of f Dissacus praenuntius (UM 75501) (fMesonychia, 
tMesonychidae) and f Mesonyx obtusidens (AMNH-YP 12643 (fMesonychia, fMesonychidae). Dor- 
somedial and ventrolateral surfaces are gray. 


Luo and Gingerich (1999: 23) described the 
presence of a ventrolateral tuberosity; this is 
very small in this taxon and is shaped as a 
small bump. 

The fossa for the tensor tympani is slightly 
broken and was likely relatively deep and 
oval-shaped. It appears not to have exca¬ 
vated the adjacent tegmen tympani. The 
fenestrae cochleae is round (with part of its 
margin broken); the fenestra vestibuli is not 
fully preserved, and thus it is hard to 
characterize other than identification of its 
general position. Luo and Gingerich (1999) 
stated that the specimen had a small hiatus 
Fallopii at the anterior aspect of the tegmen 


tympani; however, the preservation in this 
area makes this hard to confirm. The 
secondary facial foramen is not well pre¬ 
served (Luo and Gingerich [1999: 26] also 
suggested that it is present) but it appears to 
have occupied a relatively anterior position. 
The facial sulcus is distinct as it wraps lateral 
to the stapedial muscle fossa. The epitympa- 
nic recess is small and there is no large fossa 
for the head of the malleus as in cetaceans. 
The external acoustic meatus is only partially 
preserved but did receive a petrosal contribu¬ 
tion. The crista parotica denotes a clear rim 
adjacent to the facial sulcus. The tympa- 
nohyal is not preserved, but Luo and 
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Fig. 108. Ventromedial views of left petrosals of f Dissacus praenuntius (UM 75501) (fMesonychia, 
fMesonychidae) and f Mesonvx obtusidens (AMNH-VP 12643) (fMesonychia, f Mesonychidae). 
Dorsomedial and ventrolateral surfaces are gray. 


Gingerich (1999) suggested that it was pres¬ 
ent and its position is inferred here. The 
mastoid region (not figured here) is elongate. 
Luo and Gingerich (1999: 23) hypothesized 
that it did not articulate with the tympanic 
bulla (fig. 98); however, the bulla is not 
preserved and no information about bullar 
contacts is provided here. Posterior to the 
fenestra cochleae on the pars canalicularis is 
broad bump that is the caudal tympanic 
process. 

The dorsomedial (fig. 106) surface is 
smooth. The internal acoustic meatus is a 
long, oval structure with a well-defined poste¬ 
rior border and a poorly defined anterior 
border. The crista transversa is a narrow ridge. 

Superior to it is a distinct prefacial 
commissure fossa bordered distolaterally by 


a sharp ridge that runs anteroposteriorly. 
The tegmen tympani is inflated and convex. 
Luo and Gingerich (1999: 23) stated that the 
tegmen tympani inflation in + Dissacus is 
roughly proportional to that seen in cetacea- 
morphans, however, I observe that in ceta- 
ceamorphans the inflation is much more 
pronounced. 

Extending from the anterior margin of the 
petrosal on the dorsal side, along its medial 
edge, is a distinct basicapsular groove. Poste¬ 
rior to the groove is a small indentation, the 
cochlear aqueduct. Adjacent to the cochlear 
aqueduct is a small triangular tuberosity. 
Posterior and slightly dorsal to the internal 
acoustic meatus is a shallow subarcuate fossa 
with a petromastoid canal. The mastoid region 
is broken and was not available for study. 
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medial 


internal 


prefacial commissure fossa: present 

tegmen tympani: 
shape: convex 
inflation: present 
type of inflation: moderate 


hiatus Fallopii: 
not preserved 

promontorium shape: 
hemi-ellipsoid 


dorsal 

J 


internal 


Dissacus praenuntius 


acoustic 


meatus 




Mesonyx obtusidens 


Fig. 109. Anterior views of left petrosal of t Dissacus praenuntius (UM 75501) (fMesonychia, 
fMesonychidae) and f Mesonyx obtusidens (AMNH-VP 12643) (tMesonychia, fMesonychidae). 


In dorsolateral view (fig. 107) the convex 
tegmen tympani is conspicuous, as is a clear 
groove on it that Luo and Gingerich (1999: 
23) suggested was for the “ramus superior of 
the stapedial artery.” There is a small, knob¬ 
shaped ventrolateral tuberosity. 

In ventromedial view (fig. 108) the basi- 
capsular groove is clear. There is also a 
protuberance at the posterior aspect of the 
promontorium. The endolymphatic and peri¬ 
lymphatic foramina cannot be seen very 
clearly but can be approximated. 

In anterior view (fig. 109) the prefacial 
commissure fossa can be seen as a clear 
concavity dorsal to the internal acoustic 


meatus. The promontorium has a convex 
bulge limited to its central region, in contrast 
to the fully hemispherical shape seen in 
cetaceans. The hiatus Fallopii is not well 
preserved. 

f Mesonychia - f Mesonychidae 

f Mesonyx obtusidens 
Figures 98, 107-111 

The bone is generally well preserved and 
only slightly broken at the anterodorsal 
margin; it is smooth. This specimen was also 
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medial protrusion of 
pars cochlearis: present 

fenestra cochleae 

crista interfenestralis 


external acoustic meatus 


fenestra vestibuli 

epitympanic wing: absent 
promontorium shape: hemi-ellipsoid 
transpromontorial sulcus: present 
sulcus for stapedial artery: present 
posteromedial flange: absent 
facial sulcus 


hiatus Fallopii: 
not preserved 


caudal tympanic process 
shape: mediolaterally broad 


stylomastoid notch 
stapedial muscle fossa 

crista parotica 
tympanohyal attachment site 


ound/oval fossa for tensor tympani: present 
excavates tegmen tympani: not preserved 


ventrolateral tuberosity: absent 

secondary facial foramen position: not preserved 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflated 

tympanic recess 

tinct fossa for head of malleus: absent 


mastoid region: 
size: large 
shape: wedge 


interior 

L 


dorsolateral 


vascular groove: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


round/oval fossa for tensor tympani: present 
excavates tegmen tympani: not preserved' 

fenestra vestibuli 

epitympanic wing: absent 


promontorium shape: hemi-ellipsoid 

transpromontorial sulcus: present 
sulcus for stapedial artery: present 
posteromedial flange: absent 

crista interfenestralis 


medial protrusion of 
pars cochlearis: present 

fenestra cochleae 

caudal tympanic process 
shape: mediolaterally broad 

stapedial muscle fossa 
stylomastoid notch 

facial sulcus 
crista parotica 

tympanohyal attachment site 


hiatus Fallopii. 
not preserved 



vascular groove: present 

anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


secondary facial foramen position: not preserved 
ventrolateral tuberosity: absent 

tegmen tympani 
shape: convex 
inflation: present 
degree: hyperinflated 

epitympanic recess 

distinct fossa for head of malleus: absent 


external acoustic meatus 

L. 


mastoid region: 
size: large 
shape: wedge 


Fig. 110. Ventrolateral (tympanic) views of left petrosal of f Mesonyx obtusidens (AMNH-VP 12643) 
(fMesonychia, tMesonychidae). Scale = 1 cm. Hatched areas is site of tympanohyal attachment. 
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surface around internal 
acoustic meatus: smooth 


mastoid region: 
size: large 
shape: wedge 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


prefacial commissure fossa: present 


subarcuate fossa: present 
shape: shallow 
petromastoid canal: absent 


foramen acusticum superius 


prefacial 


hiatus Fallopii: 
(not preserved) 


uei iui 

L 


ventromedial 


basicapsular groove: 
groove: present 
position: dorsal 


internal acoustic meatus 


foramen acusticum inferius 

cochlear aqueduct (approximated) 
position: ventral 


vestibular aqueduct (not preserved) 


foramen acusticum superius 



hiatus Fallopii: 
(not preserved) 


basicapsular groove: 
groove: present 
position: dorsal 




internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


foramen acusticum inferius 


cochlear aqueduct (approximated) 
position: ventral 


prefacial commissure fossa: present 


subarcuate fossa: present 
shape: shallow 
petromastoid canal: absent 


mastoid region:- 
size: large 
shape: wedge 


vestibular aqueduct (not preserved) 


tegmen tympani: 
inflation: present 
degree: hyperinflation 
shape: convex 


prefacial 


Fig. 111. Dorsomedial (cerebellar) views of left petrosal of f Mesonyx obtusidens (AMNH-VP 12643) 
(fMesonychia, tMesonychidae). Scale = 1 cm. 
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figured and described by Geisler and Luo 
(1998: fig. 5). 

The promontorium (fig. 110) is hemi- 
ellipsoid with a gentle bulge for the under¬ 
lying cochlea. The fenestra cochleae and 
fenestra vestibuli are similar in size, relatively 
circular in outline shape, and are separated 
by a distinct, ridgelike crista interfenestralis. 
There is a very subtle transpromontorial 
sulcus and a more pronounced sulcus for 
the stapedial artery. The extent of the fossa 
for the tensor tympani is not clear because 
this part of the bone is broken. The pars 
cochlearis lacks significant flanges extending 
from the promontorium; both the epitympa- 
nic wing and the posteromedial flange are 
absent. 

The pars cochlearis constitutes a signifi¬ 
cant part of the bone’s size. The tegmen 
tympani is inflated, accounting for approxi¬ 
mately 30% of the width of the petrosal in 
ventral view. The secondary facial foramen is 
not preserved but there is a facial sulcus, 
which contains a deep depression, and a clear 
stylomastoid notch. The fossa for the stape¬ 
dial muscle sits immediately posterior to the 
fenestra cochleae. The epitympanic recess is 
an unremarkable shallow pit that is posi¬ 
tioned more ventrally than the facial sulcus; 
there is no distinct fossa for the head of the 
malleus as seen in cetaceans. The crista 
parotica is preserved, except at its most 
anterior point, and is a clear crest running 
to the base of the tympanohyal attachment 
site. The tympanohyal is not preserved but its 
attachment site may be inferred. There is a 
broad caudal tympanic process that flares 
posteromedial to the fenestra cochleae. The 
caudal tympanic process is continuous with a 
sinuous crest that extends from the crista 
interfenestralis. Regarding the medial side of 
the specimen in ventral view, there is some 
protrusion of the pars cochlearis relative to 
the mastoid region. 

Although part of the tympanic is pre¬ 
served, the contacts between the tympanic 
and the petrosal are not clearly preserved. 
Two potential sites of contact are indicated, 
one for the anterior crus of the ectotym- 
panic and a second for the medial edge of the 
bulla. 

In dorsomedial view (fig. Ill), the internal 
acoustic meatus is relatively ventromedial in 


position and has a nondescript margin. The 
crista transversa is a small ridge. Superior to 
the internal acoustic meatus is a prefacial 
commissure fossa that is broken at its 
anteromedial edge. The tegmen tympani is 
convex and moderately inflated. A basicap- 
sular groove extends from the anterior and 
medial edge to just medial to the internal 
acoustic meatus. The entire dorsomedial 
surface is smooth. The subarcuate fossa is 
defined endocranially by a low, convex 
depression; there is no petromastoid canal. 
A ridge that merges with the relatively large 
mastoid region defines the fossa laterally. 
The mastoid region is generally wedge- 
shaped and relatively large, with a blunt 
posterior end. The cochlear aqueduct and the 
vestibular aqueduct are not clearly preserved; 
however, it is apparent that this taxon does 
not have a very dorsally positioned enlarged 
cochlear aqueduct as seen in some cetaceans. 

The dorsolateral (fig. 107) surface of the 
bone is convex both anteroposteriorly and 
mediolaterally. It has a distinct vascular 
groove. The ventrolateral tuberosity is absent 
and the large wedge shape of the mastoid 
region is visible in this view (as in fig. 108), as 
is the small, blunt anterior process. Ventro- 
medially (fig. 108), the pars cochlearis is 
distinguished medially as having a flat edge, 
and the basicapsular groove is positioned 
closer to the dorsomedial surface. There is no 
mastoid plate. 

Anteriorly (fig. 109), the prefacial commis¬ 
sure fossa is a clear excavation dorsal to the 
internal acoustic meatus. The tegmen tym¬ 
pani is convex and moderately inflated. The 
hiatus Fallopii is not clearly preserved but it 
may have been a small foramen, because no 
such hole is preserved and the bone is not 
enormously damaged in that area. 

Perrisodactyla - Hippomorpha - Equidae 

Equus caballus 

Figures 112-117 

On the pars cochlearis, the ventrolateral or 
tympanic (fig. 112) surface has a smooth 
promontorium with no sulcus for the stape¬ 
dial artery or transpromontorial grooves. 
The promontorium is hemi-ellipsoid in shape 
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hiatus Fallopii hole at anterior 
tegmen tympani: present 

round/oval fossa for tensor tympani: present 
excavates tegmen tympani: absent 

epitympanic wing: present 

fenestra vestibuli 

promontorium shape: 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

posteromedial flange: present 


medial protrusion of 
pars cochlearis: present 

fenestra cochleae 
crista 

caudal tympanic process 
shape: mediolaterally broad 


facial sulcus 
stylomastoid notch 


stapedial muscle 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 


interior 

L 


dorsolateral 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 

secondary facial foramen position: anterior 


ventrolateral tuberosity: present 
shape: knob 


epitympanic recess 

distinct fossa for head 
of malleus: absent 

external acoustic meatus 


— mastoid region: 
size: large 
shape: wedge 


tympanohyal attachment site 



hiatus Fallopii hole at anterior tegmen tympani: present 

epitympanic wing: present 

round/oval fossa for tensor tympani: 
excavates tegmen tympani: absent 

promontorium shape: hemi-ellipsoid 

fenestra vestibuli 


transpromontorial sulcus: absent 
sulcus for stapedial artery: absent 

posteromedial flange: present 


medial protrusion of 
pars cochlearis: present 

fenestra cochleae 

crista interfenestralis 
facial 

stapedial muscle fossa 

caudal tympanic process 
shape: mediolaterally broad 


anterior process of the 
tegmen tympani: present 
size: large 
apex: point 


stylomastoid notch 

tympanohyal attachment site 


tegmen tympani: 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: present 
shape: knob 

secondary facial 
foramen position: anterior 


epitympanic recess 

distinct fossa for head 
of malleus: absent 


external acoustic meatus 


— mastoid region: 
size: large 
shape: wedge 


crista parotica 


Fig. 112. Ventrolateral (tympanic) views of left petrosal of Equus caballus (SB MP 55) (Perissodactyla, 
Hippomorpha). Striped areas are fused bulla. Scale = 1 cm. 
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anterior 

L 


dorsolateral 




anterior bulla 
contact: present 
fusion: present 


medial bulla 
contact: 


anterior bulla 
contact: present 
fusion: ? 

medial bulla 
contact: present 


anterior ectoympanic 
crus/tube contact: present 


posterior bulla 
contact: present 


anterior 

ectotympanic 

crus/tube 

contact: 


posterior bulla 
contact: present 


ectotympanic 
crus/tube contact: present 
size: small 
texture: fused 


posterior 
ectotympanic 
crus/tube: 
contact: present 
size: small 
texture: rough 


Equus caballus 


Tapirus ter restris 


Fig. 113. Ventrolateral (tympanic) views of the left petrosals of Equus caballus (SB MP 55) 
(Perissodactyla, Hippomorpha) and Tapirus terrestris (AMNH-VP 14103/1587) (Perissodactyla, Cerato- 
morpha) indicating petrosal contacts (outline) with different parts of the bony tympanic bulla and meatal 
tube. Striped areas indicate where the bony bulla has fused to the petrosal. 


and the underlying cochlea causes the surface 
to bulge ventrally. The fenestra cochleae is 
oval and smaller than the fenestra vestibuli, 
and the fenestra vestibuli is slightly reniform 
in outline. Between the fenestra cochleae and 
the fenestra vestibuli is a fairly pronounced 
crista interfenestralis that is sharp. The fossa 
for the tensor tympani is a large, shallow, 
oval fossa that lies anterior to the fenestra 
vestibuli. In life it was apparently occupied 
by a muscle that Wilkie (1931: 108) described 
as being of “considerable size.” The thin roof 
of this fossa has broken in this specimen. The 
fossa does not significantly excavate the 
surrounding tegmen tympani. Anteriorly, 
the promontory gives rise to a large epitym- 
panic wing. This wing comes to a point 
anteriorly and extends to the tegmen tym¬ 
pani. The relatively small opening for the 
hiatus Fallopii is situated at the junction of 
the epitympanic wing and the tegmen tym¬ 


pani (figs. 112, 117). Getty (1975: 722) 

remarked that a groove for the superficial 
petrosal nerve is present on the petrosal, and 
I can confirm that a groove at the hiatus is 
visible just anterior to the fossa for the tensor 
tympanic muscle (fig. 112). There also ex¬ 
tends from the promontorium a postero¬ 
medial flange that joins the epitympanic wing 
such that the promontorium is surrounded 
by a complete, flat flange of bone. 

The pars canalicularis is a large, rough 
section of the petrosal that encircles the 
promontorium on the lateral and posterior 
sides. The tegmen tympani is moderately 
inflated and contributes to about one-fifth 
the total width of the ventrolateral view of 
this bone. The anterior process of the tegmen 
tympani is large, extends anterior to the 
promontorium, and terminates in a point. 
Posterior and lateral to the fossa for the 
tensor tympani noted above is a large, 
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anterior 



crista transversa 


foramen acusticum inferius 


subarcuate fossa; present 
shape: wide and very shallow 
petromastoid canal: absent 


hiatus Fallopii hole at anterior tegmen 
tympani: present (out of view) \ 


prefacial commissure 
foramen acusticum superius 

prefacial commissure fossa: absent 


t 

1 -► ventromedial 


basicapsular groove: present 
position: dorsal 


tegmen tympani: — 
inflation: present 
degree: moderate 
shape: flat 


groove 


cochlear aqueduct 
position: ventral 


mastoid process: - 
size: large 
shape: wedge 


crista transversa 
vestibular aqueduct 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


hiatus Fallopii hole at anterior 
tegmen tympani: present (out of view) 



foramen acusticum superius 
prefacial commissure 


groove 


prefacial commissure fossa: absent 

tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


mastoid process: ■ 
size: large 
shape: wedge 


basicapsular groove: present 
position: dorsal 

internal acoustic meatus 

surface around internal 
acoustic meatus: smooth 

cochlear aqueduct position: ventral 


foramen acusticum inferius 
crista transversa 
vestibular aqueduct 


subarcuate fossa: present 
shape: wide and very shallow 
petromastoid canal: absent 


groove 


Fig. 114. Dorsomedial (cerebellar) views of left petrosal of Equus caballus (SB MP 55) (Perissodactyla, 
Hippomorpha). Scale = 1 cm. 










2010 


O’LEARY: EXTANT AND EXTINCT ARTIODACTYLANS 


177 


ventrolateral 
tuberosity: present 
shape: knob 



mastoid region: 
size: large 
shape: wedge 


hiatus Fallopii hole at anterior 
tegmen tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: point 


vascular groove: absent 

tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


Equus caballus 


anterior 

L 


medial 



ventrolateral 
tuberosity: absent 



mastoid region: 
size: large 
shape: wedge 


hiatus Fallopii hole at anterior 
tegmen tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 

vascular groove: absent 


tegmen tympani: 
shape: flat 
inflation: present 
degree of inflation: moderate 


Tapirus terrestris 



Fig. 115. Dorsolateral views of left petrosals of Equus caballus (SB MP 55) (Perissodactyla, 
Hippomorpha) and Tapirus terrestris (AMNH-VP 14103/1587) (Perissodactyla, Ceratomorpha). 
Dorsomedial and ventrolateral surfaces are gray. 


semicircular excavation, which is the petrosal 
contribution to the external acoustic meatus. 
Both the anterior and posterior extremes of 
this trough are ventrally extensive (into the 
plane of fig. 112). The ventrolateral tuberos¬ 
ity is present at the anterior aspect of the 
external acoustic meatus and is knob-shaped. 
Medial to the external acoustic meatus is a 
nondescript epitympanic recess. The epitym- 
panic recess is lateral to the secondary facial 
foramen and offset ventrally from it. The 
secondary facial foramen feeds onto the 
facial sulcus immediately lateral to the 
fenestra vestibuli, and thus occupies a rela¬ 
tively anterior position. The crista parotica is 


a sharp ridge separating the more deeply set 
facial sulcus and extends medial to the 
epitympanic recess to the base of the 
tympanohyal attachment site. The facial 
sulcus passes lateral to a fossa for the 
stapedial muscle that is particularly round 
and deep as noted by Wilkie (1931). The 
stylomastoid notch is a distinct, elongate 
trough medial to the tympanohyal attach¬ 
ment site. The caudal tympanic process is a 
wide and relatively smooth ledge of bone that 
is both posterior to the fenestra cochleae and 
also extends medially. The mastoid region is 
large, occupying approximately half the size 
of the bone. It is wedge-shaped, irregular, 
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Fig. 116. Ventromedial views of left petrosals of Equus caballus (SB MP 55) (Perissodactyla, 
Hippomorpha) and Tapirus terrestris (AMNH-VP 14103/1587) (Perissodactyla, Ceratomorpha). Dorsomedial 
and ventrolateral surfaces are gray. 


and knobby. It meets and joins the caudal 
tympanic process. The medial aspect of the 
pars cochlearis protrudes relative to the pars 
canalicularis such that there is an angle 
between these two parts of the petrosal in 
ventrolateral view. 

The tympanic bulla contacted the petrosal 
in several areas (fig. 113). These include 
contact between the anterior crus of the 
ectotympanic and the petrosal, and the 
posterior crus of the ectotympanic and the 
mastoid region; the latter is a site of partial 
fusion. The anterior aspect of the auditory 
bulla contacted and fused with the anterior 
process of the tegmen tympani. The medial 
and posterior aspects of the bulla contacted 


an elongate, continuous area on the medial 
and posterior promontorium extending along 
the posteromedial flange and the caudal 
tympanic process. These parts of the bulla 
do not abut the medial extreme of the 
petrosal but are inset laterally. 

The dorsomedial (fig. 114) surface has a 
smooth texture with one large, irregular¬ 
shaped opening, the internal acoustic meatus, 
which is offset toward the dorsal surface of 
the bone. The crista transversa is a sinuous 
ridge of bone between the foramina acusti- 
cum superius and inferius. The prefacial 
commissure is a nondescript ridge, and the 
prefacial commissure fossa is absent. Superi¬ 
or to the internal acoustic meatus is the large 
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tegmen tympani: 
shape: flat 
inflation: present 
type of inflation: moderate 


hiatus Fallopii hole at 
anterior tegmen 
tympani: present 
size: small 
promontorium shape: 
hemi-ellipsoid 


Equus caballus 


prefacial commissure fossa: absent 


dorsal 


medial 



internal acoustic meatus 



prefacial commissure fossa: absent 


tegmen tympani: 
shape: flat 
inflation: present 
type of inflation moderate 

hiatus Fallopii hole at 
anterior tegmen 
tympani: present 
size: small 

promontorium shape: 
hemi-ellipsoid 



Tapirus terrestris 


Fig. 117. Anterior views of left petrosals of Equus caballus (SB MP 55) (Perissodactyla, Hippomorpha) 
and Tapirus terrestris (AMNH-VP 14103/1587) (Perissodactyla, Ceratomorpha). Ventrolateral surface is gray. 


tegmen tympani, the superior and medial 
edges of the bone meet at right angles and 
distinctly demarcate the superior border of 
the posterior cranial fossa. The ventromedial 
edge of the bone has two elongate ridges that 
demarcate the basicapsular groove. At the 
posterior edge of these is the pin-sized 
cochlear aqueduct. Posterior to the internal 
acoustic meatus is a convexity that is 
followed posteriorly by a shallow, nonde¬ 
script pit, the subarcuate fossa. There is no 
petromastoid canal. At the ventral edge of 
the convex ridge is the vestibular aqueduct, 
which opens as a slit. The surface tapers 
posteriorly into a highly cancellous mastoid 
region (partially cut in this specimen) that 
terminates in a point. 


In dorsolateral view (fig. 115) the extensive 
irregular shape of the tegmen tympani is 
clear. As noted above, this surface is smooth 
and is set at a right angle to the endocranial 
(dorsomedial) surface. The anterior process 
of the tegmen tympani ends in a blunt tip and 
the hiatus Fallopii is tucked deep within it. 
Toward the mastoid region, the lateral sur¬ 
face has several raised bumps. There are no 
vascular grooves. The knob-shaped ventro¬ 
lateral process marks the anterior border of 
the external acoustic meatus. 

The ventromedial surface (fig. 116) of the 
petrosal is narrow anteriorly and expands 
into an extensive fan-shaped mastoid region 
posteriorly. The medial surface is somewhat 
flat, and the basicapsular groove can be seen 
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to occupy a relatively dorsal position. The 
cochlear aqueduct is a very small hole at the 
ventromedial margin. In this view also visible 
just medial to the caudal tympanic process is 
a groove (possibly vascular). The posterior 
aspect of the mastoid region is a large 
triangular area that forms a knob ventrally 
and a point dorsally. Posteriorly, the petrosal 
mastoid region is exposed on the external 
surface of the braincase over an elongate area 
and the mastoid plate is absent. 

The anterior view (fig. 117) not only shows 
the relatively small hiatus Fallopii mentioned 
above, but also shows that the superiormost 
aspect of the petrosal projects endocranially 
(medially). 

Perrisodactyla - Hippomorpha - Equidae 

Tapirus terrestris 
Figures 113, 115-119 

In ventrolateral (tympanic; fig. 118) view, 
the pars cochlearis is hemi-ellipsoid and the 
promontorium has a subtle bulge anterior to 
the fenestra cochleae for the underlying 
cochlea. The promontorium has no sulcus 
for the stapedial artery or other conspicuous 
transpromontorial grooves. The fenestra co¬ 
chleae is larger than the fenestra vestibuli, 
and both are relatively oval in outline shape. 
The crista interfenestralis is a thick bar of 
bone that terminates at the anterior margin 
of the facial sulcus. Extending from the 
promontorium anteriorly is a flattened 
flange, the epitympanic wing. The epitympa- 
nic wing comes to a point medially and also 
extends laterally such that it is fully contin¬ 
uous with the tegmen tympani. The epitym¬ 
panic wing is also continuous with a postero¬ 
medial flange, a flattened shelf that extends 
medially from the promontorium. Together 
the epitympanic wing and posteromedial 
flange comprise a full lip around the anterior 
and medial aspect of the promontorium. A 
large, very shallow fossa for the tensor 
tympani muscle lies anterior to the fenestra 
vestibuli and medial to the tegmen tympani. 
The tegmen tympani is partially excavated by 
the fossa for the tensor tympani. 

The pars canalicularis is extensive, forming 
a broad, thick shelf that wraps lateral and 


posterior to the pars cochlearis. The tegmen 
tympani is moderately inflated, occupying 
approximately half of the ventral width of the 
petrosal. It terminates anteriorly in a blunt 
anterior process that does not extend far 
anterior to the promontorium. Dorsal to it, 
floored by the thin sheet of bone that forms 
the roof of the fossa for the tensor tympani, is 
the anteriorly positioned secondary facial 
foramen emerging onto the facial sulcus. 
The facial sulcus follows a long channel 
toward the ventromedial edge of the bone. 
Lateral to the facial sulcus is the epitympanic 
recess. This area is ventrally displaced relative 
to the facial sulcus and lacks a distinct, 
prominent fossa for the head of the malleus. 
The external acoustic meatus contribution 
from the petrosal is an indistinct trough at 
the anterior base of the tympanohyal. Ante¬ 
rior to the external acoustic meatus there is 
no ventrolateral process. The tympanohyal is 
still attached in this specimen and is a 
prominent, ventrally extended structure that 
is several centimeters long and terminates in a 
wide, blunt tip. The crista parotica extends as 
a clear ridge of bone from the base of the 
tympanohyal, medial to the epitympanic 
recess, along the lateral border of the facial 
sulcus. The fossa for the stapedial muscle is a 
shallow, oval trench. The caudal tympanic 
process is a broad shelf of bone posterior to 
the fenestra cochleae; this process is contin¬ 
uous with the posteromedial flange and abuts 
the mastoid region. The mastoid region is a 
relatively large, wedge-shaped area charac¬ 
terized by bony spicules at its edges. The pars 
cochlearis does not protrude significantly in a 
medial direction from the pars canalicularis; 
the mastoid region extends posterior to the 
pars canalicularis. 

The tympanic bulla of this taxon is present 
but is relatively loosely attached, often 
missing in dry skulls. A complete tympanic 
bulla is indeed present (e.g., AMNH-M 
73595) in this taxon. It is not as wide as the 
promontorium and thus does not completely 
cover it; however, it does contact the petrosal 
in several places (fig. 113). The anterior crus 
of the ectotympanic, which is expanded into 
a meatal tube, contacts the petrosal as does 
the posterior crus of the ectotympanic (also 
forming part of the meatal tube) at small 
roughened areas on either side of the external 
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epitympanic wing: present 


promontorium shape: 
hemi-ellipsoid 

crista interfenestralis 

transpromontorial 
sulcus: absent 

sulcus for stapedial 
artery: absent 

facial sulcus 

posteromedial_ 

flange: present 

protrusion of pars cochlearis: 
absent fenestra 

cochleae 


fenestra 

vestibuli hi atus Fallopii hole at 
anterior tegmen 
tympani: present 


anterior process of the 
tegmen tympani: present 
size: small 
apex: blunt 


interior 

L 


dorsolateral 


round/oval fossa for 
tensor tympani: present 
excavates tegmen tympani: present 


secondary facial foramen 
position: anterior 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: absent 


epitympanic recess 

distinct fossa for head of malleus: absent 


external acoustic meatus 


- mastoid process: 
size: large 
shape: wedge 


caudal tympanic 
process shape: 
mediolaterally broad 


crista parotica 
stapedial muscle fossa 

stylomastoid notch 



caudal tympanic 
process shape: 
mediolaterally broad 


crista parotica 


stapedial muscle fossa 


stylomastoid notch 




external acoustic meatus 


mastoid process: 
size: large 
shape: wedge 


hiatus Fallopii hole at 
anterior tegmen 
tympani: present 


protrusion of pars 
cochlearis: absent 


fenestra 
cochleae 


anterior process of the 
. tegmen tympani: present 
size: small 
apex: blunt 


tegmen tympani 
shape: flat 
inflation: present 
degree: moderate 


ventrolateral tuberosity: absent 


epitympanic recess 

distinct fossa for head of malleus: absent 


epitympanic wing: 

transpromontorial 
sulcus: absent 

promontorium shape: 
hemi-ellipsoid 

sulcus for stapedial 
artery: absent 

facial sulcus 

crista interfenestralis 

posteromedial 
flange: present 


present 

fenestra 

vestibuli 


secondary facial foramen 
position: anterior 


tensor tympani: present 
excavates tegmen tympani: present 


round/oval fossa for 


Fig. 118. Ventrolateral (tympanic) views of left petrosal of Tctpirus terrestris (AMNH-VP 14103/1587) 
(Perissodactyla, Ceratomorpha). Scale = 1 cm. 
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crista transversa 


vestibular aqueduct 


mastoid region:- 

size: large 
shape: wedge 


hiatus Fallopii distinct hole at 
anterior tegmen tympani 
(out of view): present 

foramen acusticum inferius 


iieuui 

L 


ventromedial 


basicapsular 
groove: present 
position: dorsal 


cochlear aqueduct 

(out of view) position: ventral 


internal acoustic meatus 

surface around internal 
acoustic meatus: smooth 


prefacial commissure 


foramen acusticum 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure 
fossa: absent 


subarcuate fossa: present 
shape: shallow and wide 
petromastoid canal: absent 



mastoid region:- 

size: large 
shape: wedge 


hiatus Fallopii distinct hole at 
anterior tegmen tympani 
(out of view): present 

tramen acusticum inferius 


basicapsular 
groove: present 
position, dorsal 


cochlear aqueduct 

(out of view) position: ventral 


internal acoustic meatus 


surface around internal 
acoustic meatus: smooth 


vestibular aqueduct 


prefacial commissure 


foramen acusticum 


tegmen tympani: 
inflation: present 
degree: moderate 
shape: flat 


prefacial commissure 
fossa: absent 


subarcuate fossa: present 
shape: shallow and wide 
petromastoid canal: absent 


crista transversa 


Fig. 119. Dorsomedial (cerebellar) views of left petrosal of Tapirus terrestris (AMNH-VP 14103/1587). 
Scale = 1 cm. 
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acoustic meatus. The anterior aspect of the 
auditory bulla also contacted a small area of 
the large tegmen tympani. Medially and 
posteriorly, there was extensive contact with 
the auditory bulla along the posteromedial 
flange and the caudal tympanic process. 

The dorsomedial (fig. 119) surface of the 
petrosal is smooth but pocked and sharp 
along the edges of the bone. The internal 
acoustic meatus is relatively inconspicuous 
and reniform with the foramina acusticum 
superius and inferius set deeply within. These 
are fully separated by a distinct crista 
transversa. Starting at the anterior edge of 
the bone and extending from it, along the 
ventromedial edge, is the basicapsular groove 
on the medial side of the bone. Medial to the 
internal acoustic meatus is a small, circular 
cochlear aqueduct, which occupies a rela¬ 
tively anterior position on the bone. Superior 
to the internal acoustic meatus is a flattened 
tegmen tympani that is oriented perpendicu¬ 
lar to the dorsomedial surface of the bone. 
The prefacial commissure is a rounded ledge 
of bone, and there is no prefacial commissure 
fossa. The moderate inflation of the tegmen 
tympani can also be seen in this view. 
Posterior to the internal acoustic meatus is 
a large and very shallow subarcuate fossa; 
there is no petromastoid canal. Medial to the 
very shallow subarcuate fossa is the vestibu¬ 
lar aqueduct, a small slit tucked deeply into 
the bone. Posteriorly, the mastoid region 
tapers slightly, retaining a smooth endocra- 
nial surface and terminating in a roughened, 
cancellous border. 

Dorsolaterally (fig. 115), the tegmen tym¬ 
pani and mastoid region can be seen to be 
roughened and pocked with small holes, but 
this side of the bone does not contain any 
clear vascular grooves. The dorsolateral side 
of the petrosal has a flat to convex shape. 
The blunt anterior process of the tegmen 
tympani and the moderate inflation of this 
area are also visible in this view. As noted 
above, the ventrolateral tuberosity is absent 
and the hiatus Fallopii is tucked deep within 
the anterior process of the tegmen tympani. 

Ventromedially (fig. 116), the promontor- 
ium is narrow anteriorly and transitions 
posteriorly to a fan-shaped, expanded mas¬ 
toid region. The basicapsular groove noted 
above occupied a relatively dorsal position. 


Posteriorly, the petrosal mastoid region was 
exposed in a tall (dorsoventrally oriented) 
rectangle. The mastoid plate is absent. 

As can be seen in anterior view (fig. 117), 
the hiatus Fallopii is a relatively small hole 
deep to the knoblike anterior process of the 
tegmen tympani. 

CHARACTER DESCRIPTIONS AND 
CHARACTER STATE OPTIMIZATIONS 

Characters Describing the Petrosal 

In this section I compare the variation the 
characters coded for the petrosal sample, 
discuss variation in the taxa under study, and 
make broader comparisons to other studies 
of mammalian petrosals. Discussions of 
polarity and optimization are based on 
patterns seen on the 20 individual most 
parsimonious trees used to generate the strict 
consensus tree (fig. 1; Spaulding et al. [2009]). 
Characters were derived both from the 
literature (citations below) and from my 
observations. All characters are illustrated 
in the drawings and photographs. 

1. Texture of area around internal acoustic 
meatus: rough (0); smooth (1). The bone 
surrounding the internal acoustic meatus 
where cranial nerves VII and VIII enter the 
petrosal is most commonly smooth and 
featureless in artiodactylans and outgroups 
(state 1; e.g., fig. 14). In certain cetaceans, 
however, specifically the odontocete Mono- 
don monoceros (fig. 93), the mysticete Balae- 
noptera acutorostrata (fig. 78), and the ceta- 
ceamorphans i \Basilosaurus isis (fig. 99) and 
f Dorudon atrox (fig. 104), this area is rough¬ 
ened, sometimes with jagged spicules of bone 
(state 0). The condition is most pronounced 
in M. monoceros , which has sharp spurs of 
bone in this area. In B. acutorostrata a mesh 
of rough, cancellous bone surrounds the 
internal acoustic meatus. In the two extinct 
cetaceamorphans studied, the endocranial 
surface is simply rough in general, without 
exhibiting the jutting processes. 

Optimization indicates that the presence of 
roughened bone surrounding the internal 
acoustic meatus is convergent in Monodon 
and Balaenoptera. Appearance of the smooth 
area around the internal acoustic meatus is a 
synapomorphy of the clade defined by the 


184 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


NO. 335 


common ancestor of Delphinidae and Phy- 
seteridae. A roughened internal acoustic 
meatus is present in the two most highly 
nested fossil stem taxa to crown Cetacea. 
Because this character has not been scored in 
other more basal cetaceamorphans (e.g., 
f Ambulocetus, f Indohyus ), however, it is 
ambiguous as to what point on the cetacean 
stem it first appears. 

2. Subarcuate fossa (Cifelli, 1982; Novacek, 
1986; MacPhee, 1994]); O’Leary and Geisler, 
1999; Luo and Gingerich, 1999; Geisler, 
2001; Thewissen et al., [2001]): present (0); 
absent (1). The subarcuate fossa is a variably 
present depression on the endocranial surface 
of the pars canalicularis of the petrosal. The 
anterior semicircular canal (also referred to 
as the “superior” semicircular canal [Gannon 
et al., 1988]) underlies the medial rim of the 
ostium of the subarcuate fossa (Gannon et 
al., 1988; Wible et al., 1995). As noted above, 
the soft tissue structure housed in the 
subarcuate fossa is the paraflocculus of the 
cerebellum (also called the petrosal lobule of 
the cerebellar paraflocculus; Gannon et al., 
1988), and the subarcuate fossa is sometimes 
referred to as the subfloccular fossa (For- 
dyce, 1994: 161) or the cerebellar fossa (Mead 
and Fordyce, 2009:114, 129). 

Although this character has been used 
frequently in cladistic studies of mammals, 
its variation has not been investigated in depth 
in ungulates. Previous cladistic treatments of 
the subarcuate fossa have varied considerably; 
for example, MacPhee (1994: 172) described 
this character as “subarcuate fossa: (0) deep; 
(1) very shallow or absent.” This type of 
coding, however, does not permit cladistic 
grouping on the basis of the presence of the 
fossa (regardless of its shape, which varies 
greatly in ungulates) and was not followed 
here. The presence and relative depth of the 
fossa are scored here as separate characters. 

This character groups taxa that have any 
kind of subarcuate fossa. This fossa is 
typically a depression with a diameter that 
is at least the size of the internal acoustic 
meatus, but that may vary greatly in depth 
(see character 3). I scored as “present” any 
depression, even a subtle one (e.g., figs. 5, 
14), in contrast to “absent,” which I con¬ 
sidered the case when the area was convex 
(e.g., cetaceans). 


The fossa lies posterior and slightly dorso¬ 
lateral to the internal acoustic meatus. It is 
often separated from the internal acoustic 
meatus by a ridge, which can be a subtle or 
distinct convexity, or sometimes a fossa (e.g., 
|Elomeryx armatus ; fig. 68). Some kind of 
subarcuate fossa is present (albeit in greatly 
varying depths) in all taxa examined here 
except living (e.g., figs. 78, 83) and extinct 
cetaceamorphans (e.g., figs. 99, 104) that 
could be sampled, hippopotamids (figs. 44, 
49), and Orycteropus afer. The absence of this 
structure is very clear in extant odontocetes 
(e.g., fig. 86). The petrosals of these taxa are 
convex posterior to the internal acoustic 
meatus and the morphology differs distinctly 
from the presence of a fossa, even a shallow 
one. In Balaenoptera acutorostrata (fig. 78) 
there is little space posterior to the internal 
acoustic meatus and no depression that is 
homologous to the subarcuate fossa. The 
proximal end of the mastoid region in this 
taxon has a large fossa, which most likely 
does not correspond to the subarcuate fossa 
because the bone in this region is too thin to 
have housed the semicircular canals. 

Both hippopotamids (figs. 44, 49) have an 
internal acoustic meatus that is followed 
posteriorly by a distinct convexity. The 
specific area homologous to the subarcuate 
fossa is most easily localized by identifying 
the petromastoid canal, which is often near 
the center of the subarcuate fossa. No 
shallow depression approximating the size 
of the internal acoustic meatus surrounds the 
petromastoid canal; thus, the subarcuate 
fossa is considered absent in these two taxa. 
This part of the petrosal is generally con¬ 
tiguous with the enormous, adjacent prefacial 
commissure fossa present in hippopotamids. 

Luo and Gingerich (1999) noted that the 
size of the subarcuate fossa is not necessarily 
related to the anatomy of the underlying 
semicircular canals, and indeed the variability 
seen here in the subarcuate fossa depth may 
exceed the variability in the underlying shape 
of the semicircular canals. The relationship of 
theses structures warrants further study using 
both CT scans and surface anatomy so that 
direct comparisons of these structures can be 
made. 

When optimized, the absence of a sub¬ 
arcuate fossa is a synapomorphy of the 
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common ancestor of the crown clades Ceta¬ 
cea and Hippopotamidae. 

3. Subarcuate fossa shape: deep (0); shallow 
(1), inapplicable in taxa lacking the subarc¬ 
uate fossa. Although always approximately 
as wide as the internal acoustic meatus, the 
subarcuate fossa varies dramatically in depth 
among the taxa examined here, from a deep 
pit to a very shallow depression. Deep 
subarcuate fossae have been described and 
well illustrated, for example, in Cretaceous 
eutherians (e.g., Zalambdalestes , Wible et 
al., 2004) and the “insectivoran” f Leptictis 
dakotensis (Novacek, 1986). f Protungulaturn 
sp. (fig. 5) also exhibits the deep condition. 

For artiodactylans, however, the fossa is 
typically much more shallow but depth does 
vary among both basal and highly nested 
taxa. Among extant cetartiodactylans, I have 
observed that Lama glama (not illustrated) 
has a deep subarcuate fossa but Camelus 
dromedarius (fig. 34) does not. Most of the 
suines have a shallow subarcuate fossa. 
However, contrary to more generalized dis¬ 
cussions of this structure in suids (e.g., 
Norris, 1999: 747), the deep fossa does occur 
in some members of this clade; it is present in 
Babyrousa babyrussa (fig. 61), whose ear 
region had not previously been studied. 
Among ruminants, all Pecora studied here 
have a shallow subarcuate fossa, except the 
extinct f Leptomeryx (fig. 12). The ruminant 
Tragulus napu (fig. 10) also has a deep 
subarcuate fossa. 

Several other extinct artiodactylans also 
have deep subarcuate fossae: f Cainotherium 
(Hurzeler, 1936), f Poebrotherium sp. (fig. 39), 
t Protoceras celer, and f Perchoerus sp. In 
other extinct taxa such as the entelodont 
f Archaeotherium sp. (fig. 76), the anthra- 
cothere fElomeryx armatus (fig. 68), and 
fMerycoidodon (fig. 74), the fossa is shallow, 
as it is in both fmesonychians studied, 
t Dissacus praenuntius (fig. 106) and i MeSo¬ 
ny x obtusidens (fig. 111). 

Among outgroups, f Hyopsodus sp. has a 
deep subarcuate fossa (Cifelli, 1982), but the 
perissodactylans (figs. 114, 119) have shallow 
subarcuate fossae. 

Optimization indicates that the shallow 
subarcuate fossa is a condition that char¬ 
acterized the common ancestor of artiodac¬ 
tylans and perissodactylans and was the 


primitive condition for Artiodactyla. How¬ 
ever, within Artiodactlya are eight taxa that 
have the deep condition. Homoplasy in this 
structure occurs across the artiodactylan tree 
and is associated with all major subclades 
(Camelidae, Suina, Ruminantia) where the 
fossa is present. These results are in general 
agreement with observations by Norris (1999: 
747) that the subarcuate fossa of artiodacty¬ 
lans is generally shallow. Joeckel and Stavas 
(1996, drawing on Webb and Taylor, 1980) 
wrote that a character of Pecora (fig. 1) is to 
have a reduced subarcuate fossa, which here 
would be equivalent to state 1. This is 
corroborated as a condition of extant pecor- 
ans examined here in the trees of Spaulding et 
al. (2009), however, it is ambiguous as to 
whether or not it is a primitive retention. 
Novacek (1993: 468; see also Novacek, 1986; 
Novacek and Wyss, 1986), who studied this 
feature across Mammalia, hypothesized that 
the “reduction or loss of the subarcuate fossa 
occurred independently several times within 
therians,” and that in ungulates, in particu¬ 
lar, this structure is often poorly developed. 
My results corroborate the hypothesis that 
the relative depth of the subarcuate fossa 
exhibits homoplasy. 

4. Petromastoid canal in subarcuate fossa 

(Gannon et al., 1988): absent (0); present (1). 
Gannon et al. (1988) observed that in certain 
taxa (e.g., humans), the subarcuate fossa is 
largely, but not completely, closed. In fetal 
humans they observed that a large pit similar 
to a deep subarcuate fossa is present; 
however, in the adult human, the fossa is 
absent and there remains only a narrow 
channel in its place, the petromastoid canal. 
The petromastoid canal is an attenuated 
communication between the posterior cranial 
fossa and the mastoid air cells (Gannon et al., 
1988: fig. 4g). Gannon et al. (1988: 160) 
stated that they considered the petromastoid 
canal to be homologous to “vascular for¬ 
amina in the walls of the subarcuate fossa.” 
By this definition, this feature can coexist 
with the subarcuate fossa. Mazzoni (1970) 
reported that the petromastoid canal trans¬ 
mits the petromastoid artery, a branch of the 
inferior cerebellar artery. 

The petromastoid canal is present in a 
variety of taxa, including both hippopota- 
mids (figs. 44, 49), four suids (Sus scrofa 
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[fig. 53], Hylochoerus meinertzhageni [fig. 59], 
Babyrousa babyrussa [fig. 61], and Potamo- 
choerus porcus [fig. 51), the camelid Camelus 
dromedarius (fig. 34), the extinct artiodacty- 
lans, t Protoceras celer (fig. 41), f Merycoido- 
don sp. (fig. 74), and also, the fmesonychian 
t Dissacus praenuntius (fig. 106; see also Luo 
and Gingerich, 1999: fig. 3B). Although the 
petromastoid canal appears to occur most 
frequently when the subarcuate fossa is also 
shallow, the two characters are anatomically 
distinct. B. babyrussa (see also Canis famil- 
iaris, personal observation) is an example of a 
taxon in which the petromastoid canal 
coexists with a deep subarcuate fossa. Also, 
the petromastoid canal is present in hippo- 
potamids even though they lack a subarcuate 
fossa. 

This structure appeared convergently sev¬ 
eral times within Artiodactyla but never 
occurs in crown Cetacea. It is a separate 
synapomorphy for each of the clades Suidae 
and Hippopotamidae (the latter being an 
ambiguous synapomorphy due to lack of 
data for stem fossil taxa); however, because 
these clades are not sister taxa or particularly 
closely related in any of the most parsimo¬ 
nious trees, the petromastoid canal appears 
to be independently derived in each clade, 
and at least seven times across the tree as a 
whole. 

5. Hiatus Fallopii distinct anterior hole 

(Luo and Gingerich, 1999): present (0); 
absent (1). As described in early sections of 
this paper, this opening transmits the greater 
petrosal nerve. The presence of a distinct 
foramen (regardless of its size) at the anterior 
aspect of the expanded tegmen tympani is a 
regularly occurring feature of most nonceta- 
cean artiodactylans (e.g., fig. 56) and out¬ 
groups (fig. 117). It differs from the condi¬ 
tion in cetaceamorphans that could be 
examined here, where a distinctive hole is 
often absent. This character was only scored 
when the petrosal could be examined in 
isolation in anterior view to ensure clear 
comparison of this area (e.g., fig. 91). This 
character is, therefore, more a description of 
the presence/absence of the distinct type of 
foramen than it is an exhaustive study of the 
course of the greater petrosal nerve in 
cetaceans. Dissection-based studies, as sug¬ 
gested by Mead and Fordyce (2009), along 


with use of CT scanning to document 
internal connections between openings in 
the petrosal will be important for a full 
description of how the greater petrosal nerve 
travels in cetaceans. For example, regarding 
the fossil platanistoid, f Waipatia , Fordyce 
(1994: 158, 160) suggested tentatively that 
this taxon had a “supplementary opening 
(for the greater petrosal nerve?),” a small 
hole at the anterior aspect of the internal 
acoustic meatus. Several of the cetaceans 
examined here do have one or more small¬ 
sized and irregularly spaced holes on the 
dorsal surface of the expanded tegmen 
tympani. These should be particular targets 
for examination in dissection or CT scanning. 
When the hiatus Fallopii is absent, the 
greater petrosal nerve has sometimes been 
inferred to have branched directly from the 
facial nerve in the tympanic cavity to course 
anteriorly (e.g., Ekdale et al., 2004: 172). 

Optimizations indicate that the absence of 
a distinct hole at the anterior tegmen tympani 
is a feature of cetaceans and their stem taxa 
(through ~\Dorudon) only. Due to a lack of 
information on this part of the petrosal in 
many cetacean stem taxa, the node where this 
loss appears is ambiguous. 

6. Hiatus Fallopii size, if distinct anterior 
hole: small (0); large (1), inapplicable in taxa, 
such as cetaceans, where the homolog to this 
opening has not been established. I have 
observed that certain taxa have a very large 
hiatus Fallopii relative to the rest of the 
petrosal. The taxa that have a large hiatus 
Fallopii are the pecoran Bos taurus (fig. 17), 
both extant hippopotamid species (fig. 47), 
three suids, Sus scrofa (fig. 56), Babyrousa 
babyrussa (fig. 56), and Potamochoerus por¬ 
cus (fig. 47), the fentelodont f Archaeother- 
ium sp. (fig. 71), and the fanthracotheres 
t Elomeryx (fig. 71) and f Bothriogenys (not 
illustrated). This contrasts with other taxa 
studied where this foramen is a pin-sized slit 
or hole (e.g., fig. 17). I am not aware of 
studies that compare the relative size of the 
greater petrosal nerve in taxa where the hole 
is small versus large, or the functional 
implications of this size variation. 

Optimizations indicate that at the base of 
the artiodactylan tree and among outgroup 
taxa have a relatively small hiatus Fallopii. 
However, among suids, hippopotamids, ru- 
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minants and ruminantiamorphans, there are 
several examples of convergent appearances 
of the large hiatus Fallopii. The large hiatus 
Fallopii is a synapomorphy of suids and is 
completely convergent in Bos taurus. The 
condition of the hiatus Fallopii in the 
common ancestor of ruminants and hippo- 
potamids is ambiguous. A large hiatus 
Fallopii is presently an ambiguous synapo¬ 
morphy of Cetancodontamorpha. 

7. Prefacial commissure fossa of the petro¬ 
sal (Luo and Marsh, 1996; Luo and Ginger- 
ich, 1999: char. 4, synonym, suprameatal 
fossa): absent (convex, flat, or bump in 
suprameatal region) (0); present (1). This 
feature is a large concavity on the endocra- 
nial surface of the petrosal that lies immedi¬ 
ately superior (dorsal) to the internal acoustic 
meatus. In many taxa the suprameatal area 
consists of a relatively simple flat or convex 
bar of bone that meets the dorsolateral 
surface of the petrosal at a right angle (e.g., 
figs. 2A, 17). In some artiodactylan taxa, 
however, this area is a broad excavation that 
occupies much of the dorsomedial surface of 
the tegmen tympani (e.g., fig. 102). Luo and 
Gingerich (1999: 52) called it a “concave area 
on the medial side of the tegmen tympani.” 
Luo and Gingerich (1999: 26) were the first to 
observe the similarity in this structure be¬ 
tween fmesonychians (e.g., f Dissacus) and 
cetaceamorphans. 

The taxa in this sample with a prefacial 
commissure fossa are: both hippopotamids 
(figs. 44, 47, 49), the fmesonychians fDis¬ 
sacus praenuntius, t Mesonyx obtusidens (figs. 
106, 109, 111), and t Harpagolestes orientalis, 
cetaceamorphans (fig. 102) f Dorudon and 
f Basilosaurus, fPakicetidae, and f Indohyus, 
along with the f anthracothere f Bothriogenys. 

Presence of a prefacial commissure fossa is 
a synapomorphy of Cetancodonta (the clade 
that includes hippopotamids and cetaceans). 
This feature reverses to absent at the base of 
crown Cetacea and is absent in all extant 
cetaceans sampled here. Presence of the 
prefacial commissure in several fmesony- 
chids and in t Bothriogenys are examples of 
independent origins of this feature. Presence 
of the feature is an ambiguous synapomor¬ 
phy of fMesonychidae. That this character 
state is absent in more derived cetaceans (e.g., 
figs. 86, 91) but present in fossil stem taxa to 


Cetacea underscores the significance of fossils 
for establishing a hippopotamid-cetacean 
link. 

8. Shape of the dorsolateral tegmen tympani 

(Luo and Gingerich, 1999; fig. 121): flat (0); 
pronounced convexity (1). The shape of the 
tegmen tympani varies among ungulates and 
cetaceans, sometimes in a subtle fashion. The 
different shapes can generally be broken into 
two groups: a convex (“barrel,” according to 
Geisler and Luo, 1998: 201, fig. 47) shape, 
and a flat shape (e.g., figs. 2, 17). The 
character in general can be best observed in 
anterior views of the petrosal, indicating the 
right angle made between the dorsomedial 
and dorsolateral surfaces of the bone. This 
character is essentially identical to character 
12 of Luo and Gingerich (1999: 54), only they 
described it as the “lateral surface of [the] 
anterior process [of the tegmen tympani].” 
Note, however, that in many taxa studied 
here this surface is actually the dorsal- 
dorsolateral petrosal surface (fig. 2). 

Luo and Gingerich (1999: 54) made the 
important observation that a convex dorso¬ 
lateral tegmen tympani is shared by fmeso- 
nychids and cetaceans. Here; however, I 
show that the feature also appears elsewhere 
among noncetacean artiodactylans and that 
it exhibits homoplasy. The less common 
convex shape is present in extant (e.g., 
fig. 81) and fossil stem cetaceans (fig. 102; 
for which the petrosal was preserved in 
isolation for study here), tmesonychids (fig. 
109), hippopotamids (fig. 47), the fanthra¬ 
cothere t Bothriogenys , and in f Agriochoerus. 

A pronounced convexity to the tegmen 
tympani is a synapomorphy of Cetancodonta 
and occurs in all members of this clade for 
which data were available. The appearances 
of this feature in fmesonychids, f Bothrio¬ 
genys, and f Agriochoerus optimize as inde¬ 
pendent origins. 

9. Inflation of the tegmen tympani (Luo and 
Gingerich, 1999): absent (0); present (1). The 
width of the tegmen tympani (relative to the 
promontorium) has been identified as an 
important character distinguishing ungulates 
from other mammals (Novacek and Wyss, 
1986; Geisler and Luo, 1998), and cetaceans 
exhibit hypertrophy of this area (Luo and 
Gingerich, 1999). The only ungulate taxon in 
the matrix for which inflation is currently 
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scored as absent is the extinct f Protungula- 
tum (fig. 3), in which the tegmen tympani is 
merely a thin sheet of bone dorsolateral to 
the fossa for the tensor tympani. In contrast 
(in tympanic, endocranial, or anterior views), 
in the petrosals of artiodactylans and peri- 
ssodactylans, the tegmen tympani is a broad 
bar of bone that accounts for as much as one- 
third to one-half the size of the promontor- 
ium in ventrolateral view. In certain taxa 
where I have not been able to examine a 
petrosal isolated from other bones of the 
skull (especially the squamosal) this character 
has been scored as a “?” because assessment 
of the size of the tegmen tympani in situ was 
too uncertain. 

Cifelli (1982: 795) stated that the tegmen 
tympani was thin and uninflated in artiodac¬ 
tylans based on information in f Homacodon, 
and that this distinguished artiodactylans 
from other “higher ungulates.” Luo and 
Gingerich (1999: 51), in contrast, stated that 
fcondylarths and Early Tertiary artiodacty¬ 
lans do show some inflation of the tegmen 
tympani; I concur. 

Coombs and Coombs (1982) stated that 
t Diacodexis, f Helohvus , and f Gobiohyus 
each had an uninflated tegmen tympani, 
and they specifically contrasted this condi¬ 
tion with that of the fcondylarth | Hyopso- 
dus, which Cifelli (1982) described as having 
an inflated and pneumatized tegmen tym¬ 
pani. Here I have scored these early Eocene 
artiodactylans (not figured here) as “?” for 
this character because the petrosal is in situ 
making the size of the tegmen tympani 
difficult to assess. I do not agree with the 
statement by Coombs and Coombs (1982; see 
also Cifelli, 1982) that “artiodactyls ... are 
primitive in lacking the inflated pneumatized 
tegmen tympani of other ungulate groups.” 

Inflation of the tegmen tympani was 
present in the common ancestor of the 
clade including Artiodactylamorpha + fMe- 
s onychia. 

10. Degree of inflation of the tegmen 
tympani (Luo and Gingerich, 1999; see also 
Novacek and Wyss, 1986): hyperinflation 
(transverse width greater than or equal to 
width of the promontorium) (0); moderate 
inflation (one-third the width of the promon¬ 
torium or less) (1). This feature is best viewed 
and compared in anterior and dorsolateral 


views, and, as noted by Luo and Gingerich 
(1999: 52), this character reflects relative size 
of the tegmen tympani in comparison to the 
transverse width of the promontorium. 
Among living mammals the “hyperinflation” 
condition is found in both hippopotamid 
species (figs. 42, 48), as well as in cetaceans 
except for Pontoporia blainvillei. The pres¬ 
ence of this feature in hippopotamids has not 
previously been described. Luo and Ginger¬ 
ich (1999: 23) described the fmesonychian 
f Dissacus praenuntius as having a tegmen 
tympani that is “greatly inflated, making it 
much larger than those of other extant and 
archaic ungulates”; however, comparisons 
here actually indicate that this area is no 
more inflated in f Dissacus praenuntius 
(fig. 105) than in many other noncetacean 
artiodactylans (e.g., figs. 21, 52). t Mesonyx, 
however, has been grouped in the “hyperin¬ 
flation” state because of the width of the 
tegmen tympani relative to the promontor- 
ium; greater relative inflation has occurred in 
hippopotamids and cetaceans. Among other 
fossils, both extinct cetaceans ■ \Dorudon and 
f Basilosaurus (figs. 97, 103) exhibit the hy- 
perinflated state (for fPakicetidae no isolated 
petrosal was available to score this feature). 
Linally, the fanthracothere t Bothriogenys 
also exhibits this condition. 

Hyperinflation is a synapomorphy of 
Cetandonta even though it does show some 
homoplasy in the clade (reversing in Ponto¬ 
poria). The hyperinflation in f Bothriogenys 
and f Mesonyx are independent derivations. 

Novacek and Wyss (1986: table 1) sug¬ 
gested that presence of an “inflated, pneu¬ 
matized tegmen tympani” provided tentative 
support for a clade of perissodactylans, 
cetaceans, hyracoids, sirenians, and probos¬ 
cideans, to the exclusion of artiodactylans. 
These authors drew on remarks in earlier 
papers (Coombs and Coombs, 1982: 232) 
that artiodactylans lacked this feature. How¬ 
ever, based on data collected here, an 
inflated tegmen tympani is present in artio¬ 
dactylans, making it unlikely that this char¬ 
acter would support the clade proposed by 
Novacek and Wyss (1986) to the exclusion of 
artiodactylans. 

11. Anterior process of the tegmen tympani 

(O’Leary and Geisler, 1999; Luo and Ginger¬ 
ich, 1999; Geisler, 2001; Thewissen et al., 
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2001): absent (0); present (1). Luo and 
Gingerich (1999: 54) defined the anterior 
process as “the additional portion of the 
tegmen tympani anterior to both the vascular 
groove and the gap between the tegmen and 
the pars cochlearis.” Use of the term “ante¬ 
rior process” of the petrosal by Luo and 
Gingerich (199: fig. 2) for noncetaceans was a 
precedent for identifying this structure 
broadly among mammals. In this study I 
have included many more noncetacean artio- 
dactylans and other ungulates than in Luo 
and Gingerich (1999), and I have been able to 
reexamine this character more broadly. Be¬ 
cause the presence of a vascular groove is 
variable, it seems appropriate to recast the 
definition of the anterior process. Here I 
define it as the anteriormost aspect of the 
tegmen tympani (bordered posteriorly by the 
external acoustic meatus). In my observation, 
contra Luo and Gingerich (1999), the size of 
this structure in fmesonychians (figs. 105, 
110) is not significantly larger than the size of 
it in many noncetacean artiodactylans (e.g., 
figs. 28, 62). The presence of the anterior 
process, therefore, is not exclusive to fmeso¬ 
nychians and cetaceans. 

I find that the anterior process is also 
present in all artiodactylan and perissodacty- 
lan extant and fossil taxa (for which it could 
be scored) studied here, but not in f Protun- 
gulatum sp. (fig. 3). The presence of this 
feature is a synapomorphy of the large clade 
that is the common ancestor of Artiodactyla 
+ fmesonychians. 

12. Size of the anterior process of the 
tegmen tympani (Kellogg, 1936; Heyning, 
1989; Luo and Gingerich, 1999; Messenger 
and McGuire, 1998; Geisler and Luo, 1998): 
small, does not extend anterior to the 
promontorium (0); large, extends anterior to 
promontorium (1). 

As noted above, I have observed in the 
taxa studied here that, contra Luo and 
Gingerich (1999), many artiodactylans have 
an anterior process of the tegmen tympani 
that is of comparable size to that in 
fmesonychids (e.g., f Mesonyx obtusidens 
[fig. 110]). Those authors suggested that in 
fmesonychids the anterior process had a 
“striking resemblance to the anterior process 
of ... cetacean petrosals” (Luo and Ginger¬ 
ich, 1999: 23). In neither fmesonychians nor 


noncetacean artiodactylans, however, does 
the anterior process extend anterior to the 
promontorium, so the two groups are scored 
similarly as having a small anterior process. 
The large state is present in living and extinct 
cetaceamorphans, and also in Equus caballus 
(fig. 112). Although not as enormously 
hypertrophied as in some cetaceans, the 
enlargement in E. caballus fits best with 
state 1. 

The large state is an ambiguous synapo¬ 
morphy of the common ancestor of Delphi- 
nidae (fig. 87) and f Dorudon atrox (fig. 103), 
because the condition is not known in certain 
stem taxa to whales. The occurrence of this 
feature in Equus caballus (fig. 112) is a 
homoplasy. A small anterior process is the 
primitive and widespread condition among 
the taxa studied here. 

Heyning (1989: 49) described the anterior 
process as reduced in extant odontocetes. I 
have observed considerable variation in the 
size of this character among cetaceans; 
however, relative to artiodactylans, all ceta¬ 
ceans have large anterior processes of the 
tegmen tympani. My coding is not sensitive 
to variations within odontocetes, and I did 
not assess whether within cetaceans the 
anterior process is reduced from a larger 
precursor or simply derived as moderately 
enlarged anterior to the tegmen tympani. The 
anterior process, however, is quite hypertro¬ 
phied in the mysticete Bcdaenoptera acutoro- 
strata (fig. 77). 

13. Apex of the anterior process of tegmen 
tympani (Luo and Gingerich, 1999): pointed 
(0); blunt (1). The anterior end of the tegmen 
tympani can be broadly categorized into two 
major shapes. I have found that the process is 
pointed in all extant cetaceans examined. 
Among noncetacean artiodactylans the pro¬ 
cess is typically blunt, a condition that does 
show some homoplasy. The pointed condi¬ 
tion occurs in some extant suids (e.g., fig. 50) 
and in the stem ruminant f Cainotheriwn. 

Appearance of the pointed condition is a 
feature of crown cetaceans and their stem 
taxon f Basilosaurus; however, it is ambig¬ 
uous as to where exactly this appears in 
Cetaceamorpha. While a more blunt shape of 
the anterior process is the primitive and more 
commonly held condition in the taxa studied 
here, modification to a pointed condition 
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exhibits homoplasy in several parts of the 
tree, including among suines, stem camelids, 
and even the perissodactylan Equus. 

14. Vascular groove on the lateral surface of 
the anterior process of the tegmen tympani 
(Luo and Gingerich, 1999): present (0); 
absent (1). A vascular groove that runs either 
anteroposteriorly or mediolaterally may ap¬ 
pear on the surface of the petrosal that 
contacts the squamosal. Several authors have 
described such furrows, inferred their con¬ 
tents, and used their morphology for cladistic 
characters in artiodactylans, particularly in 
fossil taxa (e.g., Fordyce, 1994; Geisler and 
Luo, 1998; Luo and Gingerich, 1999; Geisler 
and Sanders, 2003). As noted above, I 
describe no new soft tissue information in 
this paper and thus do not expand on these 
inferences, particularly because six taxa with 
these furrows are extant and should be 
dissected to reveal the detailed soft tissue 
relationships with this structure. I am homo- 
logizing the presence of a groove at a general 
level. 

Giraffa, Kogia, Ziphius , f Dorudon, f Basi- 
losaurus, t Mesonyx , and f Dissacus zanaba- 
zari each have a more mediolaterally oriented 
furrow, of differing relative lengths and 
breadths. In contrast, Tursiops, Hippopota¬ 
mus, Choeropsis, and f Leptomeryx each has a 
more anteroposteriorly oriented furrow. Dis¬ 
sections of the extant taxa could confirm 
whether the groove is being redirected but 
has similar contents or if the contents vary. 

Luo and Gingerich (1999: 64) observed 
that this groove was shared between •(•meso- 
nychids and cetaceans. Optimization on the 
cladogram of Spaulding et al. (2009) indicates 
that the presence of a groove is a synapo- 
morphy of Cetancodonta. The appearance of 
the groove in tmesonychids is a parallel 
origin, and the common ancestor of •( meso- 
nychids and cetaceans did not share this 
feature. 

15. Distinct fossa for the head of the malleus 
in epitympanic recess (Coombs and Coombs, 
1982; Geisler and Luo, 1998; Luo and 
Gingerich, 1999): absent (0); present (1). 
The epitympanic recess and the relative 
positions of the ossicles can be difficult to 
assess in dry skulls because the ossicles are 
almost never in position. At the same time 
few dissection-based studies exist that illus¬ 


trate the tympanic cavity of extant ungulates 
dissected in ventral view with ossicles and 
soft tissues in place. This character is 
intended to distinguish between two extremes 
in variation: the relatively large and distinct 
fossa for the head of the malleus in cetaceans 
versus the very small pit that is often present 
in noncetaceans. The character does not 
distinguish variation among those taxa that 
share a small indistinct fossa for the head of 
the malleus. In taxa for which the fossa for 
the head of the malleus is indistinct, the 
epitympanic recess may consist of only a 
single concave surface. 

The distinct fossa for the head of the 
malleus in cetaceans lies anterolateral to the 
fenestra vestibuli (see Mead and Fordyce 
[2009: fig. 25v, “mallear fossa”] for Tursiops). 
It tends to be displaced ventrolaterally from 
the secondary facial foramen (i.e., the ventral 
exit of cranial nerve VII is a deeper structure 
than the epitympanic recess and its specific 
parts). Luo and Gingerich (1999: 53; see also 
Geisler and Luo, 1996) stated that these 
fossae were absent in mysticetes, an observa¬ 
tion echoed by Mead and Fordyce (2009). I 
have observed, however, that the fossa for 
the head of the malleus is clearly present in 
the mysticete Balaenoptera acutorostrata 
(fig. 77). Note also that in cetaceans the large 
and distinct fossa for the head of the malleus 
is found in the position that in many other 
species examined here is occupied by the 
fossa for the tensor tympani muscle. 

The presence of a clear fossa for the head 
of malleus is an ambiguous synapomorphy of 
the clade consisting of the common ancestor 
of Delphinidae (Tursiops truncatus) and 
t Dorudon atrox (fig. 1), and because this 
feature cannot be scored in other cetacea- 
morphans, it is not clear exactly where it 
appeared. 

16. Ventrolateral tuberosity (Luo and 
Gingerich [1999]): absent (0); present (1). 
This is a ventrally projecting protuberance on 
the lateral surface of the petrosal. It typically 
appears just anterior to the external acoustic 
meatus and assumes a variety of shapes. This 
process has been described under varying 
names by different authors (see discussions 
by Fordyce, 1994: 161; Luo and Gingerich, 
1999). The ventrolateral tuberosity equals the 
“lateral tuberosity” of Barnes (1978), the 
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“ventral tuberosity” of Muizon (1987), and 
the “ventrolateral tuberosity” of Luo and 
Marsh (1996: 335, see for discussion of its 
presence in archaeocetes and odontocetes). I 
am using a broad definition of this term, but 
see also discussions in Geisler and Luo (1996) 
and Geisler and Sanders (2003). 

Luo and Gingerich (1999) described this 
state as present only in taxa with a very 
inflated tegmen tympani, namely extinct 
cetaceamorphans studied and certain odon¬ 
tocetes. I have found, however, that there is a 
homologous structure in a variety of ungu¬ 
lates, many of which do not have a hyperin- 
flated tegmen tympani. 

I find that the presence of this structure 
exhibits a large degree of homoplasy. In 
fmesonychids it is present in f Dissacus 
praenuntius but not in f Mesonyx obtusidens 
(fig. 107) (see also Luo and Gingerich, 1999: 
52-53). I have also found that this feature is 
not uniformly well developed in odontocetes 
(contrast figs. 92 and 94), and that it is 
variably present in some living and extinct 
noncetacean artiodactylans including certain 
ruminants (e.g., figs. 18, 28) and suines 
(figs. 52, 62). Corroborating Luo and Gin¬ 
gerich (1999), I found this structure to be 
absent in the one mysticete sampled (fig. 77); 
however, see the discussion in Geisler and 
Sanders (2003: 53-54), who found this to be 
present in mysticetes. 

No particular pattern emerges from study 
of the optimization of this character. The 
tuberosity is present in the common ancestor 
of artiodactylans and perissodactylans but 
primitively so. 

17. Shape of ventrolateral tuberosity: knob 
(0); spike (1). Although a variety of taxa have 
a projection of some sort on the ventral 
petrosal just anterior to the external acoustic 
meatus, this projection varies in shape from a 
spike to a more rounded bump. This process 
typically abuts the ectotympanic ring if it is 
expanded into a tube and if there is a contact 
between it and the petrosal (e.g., Odocoileus 
virginianus, fig. 28). In crown ruminants and 
their stem taxa that have this process it is 
spike-shaped. Among hippopotamids, this 
structure varies in shape: bump-like in 
Choeropsis and spike-shaped in Hippopota¬ 
mus (figs. 42, 45). Among suines (figs. 57, 60, 
62) and fossil relatives that have this feature 


(e.g., fig. 54), some taxa have the knob shape 
and others have a spike shape. 

Optimizations indicate that the bump/ 
knob shape is the primitive condition; how¬ 
ever, transition to a spike shape exhibits 
homoplasy when it appears in hippopota¬ 
mids, suines, and ruminants. 

18. Fossa for the tensor tympani muscle 
round or oval depression (O’Leary and Geis¬ 
ler, 1999; Luo and Gingerich, 1999; Geisler, 
2001; Thewissen et al., 2001): present (0); 
absent (1). Just anterior or anteromedial to 
the secondary facial foramen on the petrosal 
there is sometimes a pit of varying shapes and 
sizes for the tensor tympani muscle. In life, 
this muscle extends from the ventral surface 
of the petrosal, and its tendon inserts on the 
muscular process of the malleus (Evans and 
Christensen, 1979: 1064). Evans and Chris¬ 
tensen (1979: 1067) described this as a 
“spherical” muscle, the belly of which lies 
in the fossa on the ventral petrosal surface. In 
Cams they noted that contraction of this 
muscle tends to pull the tympanic membrane 
medially, increasing tension on the mem¬ 
brane. How much of the fossa is actually 
filled by muscle during life is poorly docu¬ 
mented for the extant taxa described here. 

I have found that fProtungulatum (fig. 3) 
lacks a distinct tensor tympani fossa. Wible et 
al. (1995) observed that although there is a 
distinct bony fossa for the tensor tympani in 
taxa such as tm u 11 i tu be rc n I a tes, many Me¬ 
sozoic mammals (e.g., the Khoobur petrosal) 
lack a distinct bony fossa for this muscle. In 
the Cretaceous eutherian t Zalamhdalestes 
(Wible et al., 2004), for example, the origin 
of the tensor tympani was most likely a faint 
excavation on the lateral part of the pro- 
montorium (specifically on the “anterolateral 
flange” [Wible et al., 2004: 73]). A relatively 
subtle fossa for the tensor tympani also 
characterizes the insectivoran fossil f Leptictis 
dakotensis (Novacek, 1986). Thewissen 
(1985) remarked that this fossa is absent in 
perissodactylans; however, I have observed it 
in both Equus caballus (fig. 112) and Tapirus 
terrestris (fig. 118). 

I have found that this fossa is absent in 
extant cetaceans and the extinct cetaceamor¬ 
phans f Dorudon and f Basilosaurus (figs. 97, 
103). In cetaceans the area for this muscle is 
often described as a “groove” (Luo and 
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Gingerich, 1999: 57) that does not resemble 
the pit-shaped fossa seen in many other taxa. 
The fossa for the tensor tympani is present in 
all other taxa in which this region was 
preserved, including the extinct cetaceamor- 
phan f Pakicetus (it is not currently scored in 
t Indohyus). Nonetheless, both this muscle 
and the stapedius muscle are reported to be 
present in extant cetaceans (Fraser and 
Purves, 1960). Oelschlager (1990: 150) stated 
that in Tursiops truncatus the tensor tympani 
attaches in a “minute shallow ovoid fovea ... 
[and] the reduction of the processus muscu- 
laris does not imply a reduction of the muscle 
proper.” He illustrated the groove for the 
tensor tympani in T. truncatus (but not Inia 
or Pontoporia) on p. 149. Oelschlager (1990: 
151) also stated that the fossae for these 
muscles were well developed in extinct 
cetaceamorphans (namely, f Dorudon atrox). 
Other than in f Pakicetus (figs. 96-97, 103), 
however, I have not observed this fossa in the 
extinct cetaceamorphans studied here (which 
is consistent with findings of Luo and 
Gingerich, 1999). 

Oelschlager (1987) stated that Gingerich et 
al. (1983) erred when they argued that 
t Pakicetus was primitive in having a large 
tensor tympani muscle, inferred from the 
presence of a large fossa for the tensor 
tympani. Oelschlager (1987: 680) noted that 
“this muscle [the tensor tympani] is well 
developed even in advanced odontocetes ... 
so that in this respect t Pakicetus does not 
show the generalized condition.” We have no 
direct evidence of the actual size of the 
muscle in the extinct t Pakicetus', however, 
its fossa for the tensor tympani much more 
closely resembles the more generalized con¬ 
dition of noncetacean artiodactylans than it 
does the condition in cetaceans, consistent 
with Gingerich et al. (1983). 

Relevant to interpreting bony anatomy, 
Veggetti et al. (1982: fig. 10) described 
variation in the tensor tympani muscle, both 
the gross morphology and the muscle fiber 
types, of several of the taxa also examined 
here (horse, cow, pig, sheep, and dog). They 
described this muscle as having a tympanic 
portion and a tubal portion and identified 
three distinct gross types of tensors tympani. 
The types are: “club-shaped” (with a spher¬ 
oidal tympanic portion and an elongate 


spindle-shaped muscular tubal portion), pres¬ 
ent in the sheep; “spheroidal-shaped” (with 
a large spheroidal tympanic portion and no 
significant muscular tubal portion), present 
in the dog, cow, and pig; and “spindle- 
shaped” (with a larger tubal than tympanic 
portion, and a tympanic portion that is less 
spheroidal), present in the horse. These 
authors noted that, based on their analysis 
of the presence and type of muscle fibers, the 
tensor tympani in the cow and the pig 
“performs more the function of a ligament 
than a muscle (p. 350).” The relationship 
between muscular differences and adjacent 
osteological variability are, however, poorly 
documented. Overall, all of the taxa that 
Veggetti et al. (1982) described have round- 
oval fossae of varying sizes. 

Presence of this fossa is the primitive and 
widespread condition for the taxa studied 
here. The loss of the fossa occurs in the 
common ancestor of f Dorudon and Tursiops', 
however, this is an ambiguous synapomor- 
phy of this clade because other stem taxa to 
Cetacea are currently not scored for this 
character. The lack of the fossa in f Protun- 
gulatum is an independent loss. 

19. Fossa for tensor tympani extends into an 
excavated portion of the tegmen tympani: 
absent (0); present (1). In certain taxa the 
tensor tympani muscle fossa extended later¬ 
ally into the petrosal, deep to the tegmen 
tympani, excavating a large pit. The presence 
of this feature is highly homoplastic, appearing 
in some ruminants, some suines, perissodacty- 
lans, the fmesonychid t Harpagolestes, and in 
several extinct noncetacean artiodactylans. 

Optimization of this character indicates 
that it is highly homoplastic. Presence of a 
large fossa that excavates the tegmen tympa¬ 
nic is an ambiguous synapomorphy of artio¬ 
dactylans and perissodactylans. There is no 
excavation of this area in Cetaceamorpha. 

20. Transpromontorial sulcus (Cifelli, 1982; 
Thewissen and Domning, 1992; Luo and 
Gingerich, 1999; O’Leary and Geisler, 1999; 
Geisler, 2001; Thewissen et al., 2001): present 
(0); absent (1). This character records the 
presence of a groove across the middle of the 
ventral surface of the promontorium directed 
primarily anteroposteriorly (however, posi¬ 
tions exhibit some variation in the sample 
here). A transpromontorial sulcus is often 
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attributed to the presence of an internal 
carotid artery that crosses the ventral surface 
of the promontorium; however, internal 
carotid nerves and the tympanic plexus may 
also leave grooves on the promontorium. 
Because I present osteological data only, 
including descriptions of many extant taxa 
for which middle ear dissections have not 
been published, I refrain from explicitly 
inferring what soft tissue structures occupied 
this groove and simply describe and illustrate 
the presence of a groove. Another complica¬ 
tion for inferring soft tissue that has long 
been recognized is that when the internal 
carotid artery travels on the ventral surface 
of the promontorium, it may or may not 
leave a groove in its path (Wible, 1986). 
Thus, the artery may be present even if the 
groove is absent, and grooves may be present 
if the artery is absent because the internal 
carotid nerve or nerves that follow a similar 
course across the promontorium remain. That 
said, what is known of extant artiodactylans 
indicates that the extant forms lack a trans- 
promontorial portion to the internal carotid 
artery (see Wible [1984] for an excellent 
summary). Thus, it would be parsimonious 
to predict, at present, that grooves on the 
promontoria of artiodactylans may have been 
made by the internal carotid nerve; however, 
this should be confirmed by dissection. 

Novacek and Wyss (1986: 278) stated that 
the transpromontorial sulcus was “lost in all 
ungulate lineages save primitive artiodactyls 
(Coombs and Coombs, 1982).” This conclu¬ 
sion is not supported by the data presented 
here because several highly nested artiodac¬ 
tylans have a transpromontorial groove (e.g., 
fig. 18). These authors also noted that loss of 
the sulcus shows homoplasy throughout 
Mammalia, which is supported in this study. 
Geisler and Luo (1998: 195) also described 
the transpromontorial artery in artiodacty¬ 
lans and stated that presence of the internal 
carotid artery was primitive for Paraxonia 
(“artiodactylans” + tmesonychians + ceta¬ 
ceans). 

Some kind of sulcus on the promontorium 
is present in t Protungulatum and Oryctero- 
pus. For noncetacean artiodactylans a sulcus 
is present in the ruminants Bos, Giraffa, 
Antilocapra, Moschus, the hippopotamid 
Hippopotamus, and the suines Babyroussa, 


Hylochoerus, and Tayassu. Regarding extinct 
taxa, the sulcus is present in two fmesony- 
chians, f Mesonyx and t Hapalodectes, along 
with the artiodactylans f Helohyus, fAgrio- 
choerus, fDiacodexis, and i Elomeryx. Wible 
(1984; see also Kampen, 1905) mentioned 
that a transpromontorial sulcus was present 
in Cervus, but I did not observe this in the 
specimen studied here. 

Absence of the transpromontorial groove 
is the condition in the common ancestor of 
artiodactylans and perissodactylans. Within 
Artiodactyla, however, a transpromontorial 
groove does reappear at least once in each of 
the major clades (suines, hippopotamids, 
ruminants, and camelids), either within the 
crown clade itself or on its stem or both. 

Wible (1986: table 1) reported that “artio¬ 
dactylans” (based on fDiacodexis, personal 
conimun.) and cetaceans had the primitive 
mammalian condition for the internal carotid 
artery: transpromontorial. Flere it is interest¬ 
ing that not only is absence of the transpro¬ 
montorial sulcus primitive for Artiodactyla, 
it is also the condition common to most 
members of the clades. It may be that, as 
suggested by Wible (1986), it is primitive for 
Artiodactyla to have a transpromontorial 
internal carotid artery but that in this clade 
the artery happens not to leave a groove. 
Alternatively, the artery may be primitively 
absent. Resolution of this question, as well as 
the question of whether promontorial 
grooves in all cases are even made by the 
internal carotid artery, internal carotid nerve, 
or another structure (such as the tympanic 
nerve), requires dissections and soft tissue 
descriptions for the extant taxa scored 
followed by inclusion of the soft tissue data 
as a character separate from the osteological 
transpromontorial groove in the cladistic 
analysis and optimization. 

21. Double transpromontorial sulci: absent 
(0); present (1). In some taxa studied here 
there are two distinct and generally parallel 
grooves on the promontorium running in a 
generally anteroposterior direction. MacPhee 
(1981: 36; see also Novacek, 1986) illustrated 
the internal carotid nerve wrapping tightly 
with the transpromontorial internal carotid 
artery and forming lateral and medial nerve 
branches (MacPhee, 1981: 43). These struc¬ 
tures associated with the internal carotid 
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artery may also leave grooves on the ventral 
surface of the promontorium. Other soft 
tissue candidates for these grooves (depend¬ 
ing on how soft tissue structures may vary 
in position) are branches of the tympanic 
plexus, which lie on the promontorium of the 
petrosal supplying the tympanic mucosa 
(Evans and Christensen, 1979: 1064). Wilkie 
(1936: fig. 4) illustrated (but did not discuss 
extensively) grooves on the ventral promon¬ 
torium that he stated represented the path of 
the tympanic nerve. 

As noted above, however, in this paper I 
describe only the osteological features (not 
reconstructed soft tissues). In some taxa, I 
have observed two distinct transpromontor- 
ial grooves, for example, in Bos taurus 
(fig. 18), Giraffa Camelopardalis (fig. 30), 
Hippopotamus amphibius (fig. 48), and the 
extinct artiodactylan, f Elomeryx (fig. 67). 
The presence of double transpromontorial 
sulcus is highly homoplastic and was inde¬ 
pendently derived in almost every case 
(except in ruminants where the origin of this 
feature is ambiguous). 

22. Sulcus for stapedial artery: present (0); 
absent (1). A sulcus branching from the 
transpromontorial sulcus and running to¬ 
ward the fenestra vestibuli is attributed to the 
stapedial artery (also called the “proximal 
stapedial artery” by Wible [1987], Geisler and 
Luo [1998], and Luo and Gingerich [1999]). 
Geisler and Luo (1998: 176) reviewed the 
literature on this structure and stated that 
although this sulcus is present in f Diacodexis 
specimens from North America (see Geisler 
and Luo, 1998: fig. 2), it was absent in extant 
Artiodactyla, Perissodactyla, and Cetacea. I 
find also that there are no examples of this 
sulcus in the extant artiodactylans sampled. 
The sulcus is present in the extinct artiodac¬ 
tylans | Cainotherium , f Diacodexis (North 
American specimens), and f Helohyus. It is 
also present in two tmesonychians, f Meso- 
nyx and t Hapalodectes, as well as f Protun- 
gulatum. 

Optimizations here indicate that absence 
of this groove is a synapomorphy of artio¬ 
dactylans and perissodactylans (except in 
some most parsimonious trees, where un¬ 
scored fossil stem taxa to this clade render 
this conclusion ambiguous). Also as noted by 
Geisler and Luo (1998), it is the most ancient 


members of the artiodactylan clade that have 
a sulcus branching from the transpromontor- 
ial sulcus; however, in the Spaulding et al. 
(2009) tree, these ancient taxa (e.g., f Helo¬ 
hyus, f Diacodexis) are relatively highly 
nested. This means that despite being present 
in older members of the clade, the tree does 
not support the hypothesis that the presence 
of this structure is primitive for Artiodactyla, 
Perissodactyla, or their common ancestor. 

Cifelli (1982) observed that the stapedial 
sulcus was absent in the “fcondylarthran” 
i \Hyopsodus. Wible (1987) argued that there 
had been many independent acquisitions of 
the stapedial artery within Eutheria, and 
indeed the tree produced here certainly 
indicates that there is homoplasy of the bony 
channel made by this structure in Artiodac¬ 
tyla alone. Wible (1987) also suggested that 
absence of the stapedial artery might unite 
Cetacea, Perissodactyla, and other ungulates 
as a clade, to the exclusion of Artiodactyla, 
an argument supported in part by the 
presence of this sulcus in Early Tertiary 
artiodactylans. Based on the tree of Spauld¬ 
ing et al. (2009), showing that certain Early 
Tertiary artiodactylans are highly nested, the 
common ancestor of Artiodactyla is recon¬ 
structed most parsimoniously as lacking this 
structure. Under this scenario, the presence 
of this structure would not distinguish 
artiodactylans from other ungulates. 

23. Pars cochlearis protrudes ventrome- 
dially: absent (0); present (1). This character 
captures the overall shape variation visible in 
ventrolateral (tympanic) view. In artiodacty¬ 
lans there are variations in the way the pars 
cochlearis meets the pars canalicularis on the 
medial side of the petrosal. In ventrolateral 
view it can be seen that in some taxa there is 
an angle between the pars cochlearis and the 
pars canalicularis (e.g., extant cetaceans 
[figs. 77, 92]); the mastoid region is offset 
distolaterally relative to the pars cochlearis. 
In other artiodactylans the mastoid is not 
offset from the mediolateral extent of the 
promontorium (e.g. fig. 40), such that a 
straight line would demarcate the medial 
border of both the pars cochlearis and pars 
canalicularis. 

Extant and extinct cetaceans, Hippopota¬ 
mus and f Mesonyx obtusidens (fig. 110) have 
a medially protruding pars cochlearis, a 
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character state that varies among nonceta¬ 
cean artiodactylans (compare Ovis [fig. 21] 
with Bos [fig. 18]). Most ruminants have a 
medially protruding pars cochlearis and most 
suines do not. 

This character exhibits a great deal of 
homoplasy, making patterns of support 
difficult to tease out. In the clade defined as 
the common ancestor of Artiodactyla and 
f Protungulatum, the absence of a protruding 
pars cochlearis is a synapomorphy; however, 
internal to this clade are many instances of 
homoplasy to the present condition. 

24. Mastoid region size (Luo and Ginger- 
ich, 1999): small (~ 50% the length of the 
promontorium) (0); large (~ 100% or more 
the length of the promontorium) (1). The 
mastoid region often has an irregular shape 
and is difficult to characterize. Among the 
taxa sampled here, all cetaceans (except Inia), 
ruminants (except Tragulus), camelids, perisso- 
dactylans, and fmesonychians have large 
mastoid processes. Suines have small mastoid 
processes, as do hippopotamids. In the latter 
group, even though the mastoid region is very 
swollen, relative to the promontorium its 
length is not particularly pronounced. 

Presence of a large mastoid region (e.g., 
figs. 21, 77, 110) is a widespread feature 
among the taxa studied here. A small mastoid 
region is a synapomorphy of each of the 
following clades: suines and their fossil stem 
taxa and hippopotamids. However, each of 
these clades derived this feature indepen¬ 
dently. 

25. Shape of mastoid region (Kasuya, 1973; 
Messenger and McGuire, 1998): square, 
robust knob (0); wedge (1); convex dorsal 
surface and flat/irregular ventral surface 
(seen in the following views:posterior, ven¬ 
trolateral; ventromedial, dorsal, internal). 
The mastoid region can be difficult to 
characterize, but three general groups of 
shape differences emerge in the sample of 
taxa examined here. Those three groups are: 
a square, knoblike, posteriorly blunt mastoid 
regions (e.g., fig. 55); a wedge or fan-shaped 
mastoid often with an attenuated posterior 
end (e.g., fig. 26); or a mastoid region with a 
convex dorsal surface and flat/irregular 
ventral surface (e.g., fig. 90). Extant ceta¬ 
ceans and some extinct cetaceamorphans, 
although quite heterogeneous in their mas¬ 


toid region shape, generally exhibit a mastoid 
region with a convex dorsal surface and the 
flat/irregular ventral surface. The wedge- 
shaped mastoid region is found in ruminants 
(except Tragulus), camelids, perissodactylans, 
and fmesonychians. Suines exhibit a square, 
knob-shaped mastoid region. The region is 
variable in the extinct noncetacean artiodac¬ 
tylans; these taxa exhibit either the square 
shape or the wedge shape. 

Optimizations indicate that the wedge- 
shaped mastoid region occurs in basal 
artiodactylans, is primitive for Artiodactyla, 
and occurs in outgroups such as perissodac¬ 
tylans and fmesonychians. The Suines and 
their stem taxa are characterized by a knob¬ 
shaped mastoid region, and ruminants, with 
the exception of Tragulus, have the wedge- 
shaped condition. The unstable position of 
several extinct taxa make optimization of this 
character at major nodes in Artiodactyla 
somewhat ambiguous. It does appear that the 
wedge condition seen in ruminants is not 
retained from the ancestral artiodactylan but 
is instead an independent derivation of this 
shape. 

26. Epitympanic wing: absent (0); present 
(1). This feature is a flange off the promon¬ 
torium that extends in both an anterior and 
lateral direction (in ventromedial view) and 
often contacts the tegmen tympani if it is 
extensive. The presence of the epitympanic 
wing is widespread in noncetacean artiodac¬ 
tylans as well as outgroups such as perisso¬ 
dactylans and f Protungulatum . The epitym¬ 
panic wing is absent in extant cetaceans. 

Optimization indicates that the presence of 
an epitympanic wing is primitive for artio¬ 
dactylans. It reverses once to absent in stem 
taxa to cetaceans but it is ambiguous as to 
which node first marks the reversal due to a 
lack of data for fossil taxa that are basal 
cetaceamorphans. 

27. Posteromedial flange of promontorium: 

absent (0); present (1). This is a flat flange of 
bone that extends from the medial and 
posterior edge of the promontorium. In many 
artiodactylans this flange is continuous with 
both the epitympanic wing and the caudal 
tympanic process (e.g., fig. 33). This struc¬ 
ture is present in most fossil and living 
noncetacean artiodactylans, absent in f Pro¬ 
tungulatum, and variably present in fmeso- 
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nychians. It is absent in extant cetaceans and 
in the fossils f Dorudon and t Basilosaurus, 
but it is present in t Pakicetus. 

Optimization of the posteromedial flange 
indicates that its presence is a synapomorphy 
of Artiodactyla + Perissodactyla. A reversal 
occurs to the absence of the flange within the 
stem to Cetacea at least as low on the tree as 
t Dorudon. The exact node where the absence 
appears is ambiguous. 

28. Promontorium shape (Luo and Ginger¬ 
ich, [1999]): hcmi-ellipsoid (0); hemispherical 
(1). This character, which needs to be 
examined in anterior, ventromedial, and 
medial views to be visible, is an attempt to 
describe how the promontorium of many 
cetaceans differs from that of many non¬ 
cetacean artiodactylans and other taxa. 
Cetaceans have a very ovoid promontorium 
that bulges ventrally as a distinct hemisphere. 
Other taxa, however, have a less bulging and 
more ellipsoid shape to the promontorium. 

Luo and Gingerich (1999) also identified 
similarities in petrosal shape in fmesony- 
chids, fbasilosaurids, and other extinct ceta- 
ceamorphans to the exclusion of f Pakicetus. 
My observations indicate, however, that 
t Pakicetus , for which I have only studied 
the petrosal in situ (fig. 96), more closely 
resembles fmesonychians and other nonceta¬ 
cean ungulates in this feature, and that 
fbasilosaurids resemble more highly nested 
extant cetaceans. 

The hemispherical condition is shared by 
the clade that includes fbasilosaurids + extant 
cetaceans (fig. 1), appearing somewhere be¬ 
tween f Pakicetus and f Dorudon (data are 
ambiguous). The primitive condition for the 
taxa examined here is to have a hemi-ellipsoid 
promontorium (e.g., figs. 7-8, 16-17). 

In studies of the petrosal anatomy of such 
taxa as mammaliamorphs, variations in the 
promontorium shape are often considered to 
reflect the amount of expansion and torsion 
of the underlying cochlea (e.g., Wible et al., 
1995: 3). When comparing certain cetaceans 
to noncetacean artiodactylans and other 
taxa, however, there is considerable variation 
in the morphology of the promontorium, 
even though all of these have a coiled 
cochlea. A separate study comparing size 
and shape of the underlying cochlea to the 
external structure of the promontorium could 


test whether there are any regular relation¬ 
ships to this variation. 

29. Caudal tympanic process: mediolater- 
ally narrow bar of bone medial to the stapedial 
muscle fossa (0); mediolaterally broad bar of 
bone medial to the stapedial muscle fossa, 
sometimes with irregular projections or knobs 
(1). I am employing a broad definition of this 
structure, somewhat in contrast to Geisler and 
Sanders (2003). Most of the taxa examined 
here have a mediolaterally broad type of 
caudal tympanic process, and this structure 
may be continuous with the crista interfenes- 
tralis or the posteromedial flange off the 
promontorium. In f Protungulatum and some 
cetaceans the caudal tympanic process is 
narrow. In Suines the caudal tympanic 
process often develops into a knob medially. 

Optimizations indicate that the primitive 
condition for Artiodactyla + Perissodactyla is 
to have a broad caudal tympanic process; 
however, this does change to a narrow 
process at the base of Cetacea, where this 
state is a synapomorphy. 

30. Mastoid plate: absent (0); present (1). 
This structure on the endocranial surface of 
the mastoid region is a flat plate of bone that 
extends distally relative to the ventral surface 
of the petrosal. In endocranial view this 
structure, if present, obscures a view of the 
rest of the mastoid region. When differen¬ 
tially expanded this way, the endocranial side 
is plate-shaped and distinctly different from 
the ventral side. Of the sample of taxa 
examined here, this occurs in extant suines 
only (fig. 55) and is an ambiguous synapo¬ 
morphy at the node marking their common 
ancestor because the condition is not known 
in the extinct stem taxon t Perchoerus. 

31. Basicapsular groove (Wible et al., 1995; 
Luo and Gingerich, 1999; Geisler and Luo, 
1998): present (0); absent (1). The shape of 
the medial edge of the promontorium varies 
in the presence, conspicuousness, and posi¬ 
tion of a groove that runs anteroposteriorly 
along the medial margin. Luo and Gingerich 
(1999) and others have reported that this 
groove is for the inferior petrosal sinus, 
which according to MacIntyre (1972: 291) 
connects the cavernous sinus with the inter¬ 
nal jugular vein. This groove carries the 
internal carotid artery when the artery 
occupies a medial position relative to the 
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promontorium (e.g., Wible, 1986; Wible et 
al., 2004). In its more elongate forms, this 
sulcus can extend from the epitympanic wing 
to the anterior aspect of the mastoid region. 
In some artiodactylans the edge of the 
basicapsular groove has a sharp, ruffled 
border. More dissections of the extant taxa 
studied here will be important for document¬ 
ing the exact soft tissue contents of this 
structure in artiodactylans and relatives. 

Most noncetacean artiodactylans have this 
groove. In some taxa, such as Tragulus napu 
(figs. 3, 7), however, this groove is absent and 
the medial edge of the petrosal is sharp with 
no dorsally or ventrally positioned ridges. 
This corroborates an observation by Luo and 
Gingerich (1999) that in taxa where the 
groove is absent, the promontorium may 
terminate in a sharp edge as it transitions 
from the dorsomedial to ventrolateral sur¬ 
faces. In most living and extinct cetaceans 
described here, with the exception of Ziphius 
(fig. 90), the medial petrosal is smooth and 
bulbous with no conspicuous groove. 

The presence of the groove optimizes as 
primitive for all taxa studied here, a result 
consistent with Geisler and Luo’s (1998: 196) 
reconstruction of the primitive morphotype 
of the common ancestor of artiodactylans. 
The groove is present in most taxa examined 
here with the exception of Tragulus napu and 
f Poebrotherium sp. (figs. 36, 38); this opti¬ 
mizes in each case as an independent loss of 
the groove. This character transforms to 
absent in the common ancestor of extant 
and extinct cetaceans (fig. 1, but this is an 
ambiguous synapomorphy). 

32. Position of basicapsular groove: ventral 
(0); dorsal (1). Most of the taxa examined 
here that have a basicapsular groove have it 
on the dorsal surface of the petrosal. How¬ 
ever in some taxa, the groove is in a more 
ventral position and is visible on the tympa¬ 
nic surface of the bone. Taxa that have the 
ventral position are Moschus, hippopota- 
mids, Babyroussa, and t Bothriogenys. Each 
of these taxa derived this independently. The 
primitive condition for artiodactylans is to 
have a dorsally positioned groove. 

33. Secondary facial foramen position 
relative to fenestra cochleae and fenestra 
vestibuli: anterior or lateral to any part of 
these fenestrae (0); posterior to both fenestrae 


(1). In two suine species, Sus scrofa (fig. 52) 
and Hylochoerus meinertzhageni (fig. 57), the 
secondary facial foramen opens much farther 
posteriorly than in other species (e.g., 
figs. 30, 60). 

The primitive condition for artiodactylans 
is to have an anteriorly positioned secondary 
facial foramen. The posterior position is 
independently derived in the two suids 
mentioned above. 

34. Cochlear aqueduct position (contains 
opening of perilymphatic foramen, the end of 
cochlear canaliculus in human anatomy text 
books, or cochlear canaliculus; Ekdale et al., 
2004; see also Cifelli, 1982): dorso-internal 
(0); ventral (1). This character distinguishes 
the very large and dorsally positioned co¬ 
chlear aqueduct seen in cetaceans from the 
much smaller, more ventrally positioned 
structure seen in noncetacean artiodactylans 
and other mammals examined here. In some 
cases, particularly with fossils, the preserva¬ 
tion may be such that it is hard to identify the 
exact position of a small cochlear aqueduct; 
nonetheless, it can be clearly seen in these 
taxa that they do not exhibit the cetacean 
condition. As stated by MacIntyre (1972: 
290), the cochlear aqueduct often opens into 
the jugular notch. There is a distinct differ¬ 
ence in the state of this character between 
extant cetaceans and other ungulates. In 
extant cetaceans the cochlear aqueduct opens 
dorsally (e.g., fig. 95), close to the internal 
acoustic meatus, and is also quite large, 
rivaling the size of foramina inside the 
internal acoustic meatus. In most taxa 
examined here, however, this foramen opens 
ventromedially in the vicinity of the jugular 
foramen and is very small. 

The primitive condition for artiodactylans 
is to have a ventral or ventromedial position 
for the cochlear aqueduct. The dorsally 
positioned foramen is an ambiguous synapo¬ 
morphy of the common ancestor of f Dor- 
udon atrox and Delphinidae (fig. 1). 

Characters Describing the Petrosal- 
Bulla Articulation 

35. Articulation of anterior crus/tube of 
ectotympanic with external acoustic meatus 
portion of petrosal (Geisler and Luo, 1998; 
Luo and Gingerich, 1999): absent (0); present 
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(1). This character describes a contact be¬ 
tween the anterior part of the ectotympanic 
(whether shaped as a ring or a tube) and the 
petrosal. The contact typically occurs in the 
region of the petrosal contribution to the 
external acoustic meatus or the ventrolateral 
tuberosity (if present). This contact is poste¬ 
rior to the anterior process of the tegmen 
tympani. When present, this contact is typi¬ 
cally relatively small compared to other con¬ 
tacts between the tympanic and the petrosal. 

Luo and Gingerich (1999: 58) stated that 
“Direct articulation of the anterior crus of 
the ectotympanic with the tegmen tympani of 
the petrosal is rare in eutherians”; however, I 
have observed contact between the petrosal 
and the anterior process in many of the 
ungulates examined here, including both 
perissodactylans (fig. 113) and artiodactylans 
(e.g., fig. 19). 

The primitive condition for artiodactylans 
is to have contact between these structures. 
However, the absent condition appears in a 
number of places within Artiodactyla, such as 
at the stem and base of Cetacea, in Rumi- 
nantia and on its stem, and in Camelidae. 

36. Articulation of posterior crus/tube of 
ectotympanic and external acoustic meatus 
part of petrosal (Luo and Gingerich, 1999): 
absent (0); present (1). Luo and Gingerich 
(1999) described the “ventral exposure of the 
mastoid region” and its relative cover by the 
posterior process of the tympanic bulla. A 
contact of some kind is present in almost all 
taxa examined here. 

The primitive condition for artiodactylans 
(and even artiodactylans and perissodacty¬ 
lans) is to have contact present. This does 
show homoplasy; however, particularly 
among camelids + t Poebrotherium, lack of 
contact is a synapomorphy of this clade. 

37. Relative size of articulation of posterior 
crus/tube of ectotympanic and external acous¬ 
tic meatus part of petrosal (Luo and Ginger¬ 
ich, 1999: char. 15): large, entire posterior 
crus covers ventral exposure of mastoid (0); 
small, half (or less) of posterior crus articu¬ 
lates with mastoid region, region is ventrally 
exposed (1). There is significant shape varia¬ 
tion among the taxa that have large contacts. 
For example, Ovis aries (fig. 19) has a thin, 
elongate but substantial contact whereas 
other pecorans such as Antilocapra americana 


(fig. 4) have an elongate but broad contact. 
This character varies widely across taxa 
examined here. 

A small area of contact is primitive for the 
taxa studied here. There are transformations 
to a large contact within artiodactylans but 
many nodes are ambiguous. An exception is 
Pecora (fig. 1), a clade for which a large 
contact is a synapomorphy, and highly 
nested odontocetes (the common ancestor 
of Delphinidae and Pontoporia), which also 
exhibit large contacts. A large contact is 
present in hippopotamids but it is ambiguous 
whether this is a shared derived feature with 
cetaceans or a convergent appearance. 

38. Texture of articulation of posterior crus/ 
tube of ectotympanic and external acoustic 
meatus part of petrosal (Luo and Gingerich, 
1999): smooth (0); rough/sutured (1); fused 
(2). The articulation between the tympanic 
and the mastoid region varies in texture from 
smooth to rough. I have also designated a 
separate state, “fused”, for which the texture 
cannot be assessed. Luo and Marsh (1996: 
331) discussed the variation of this structure 
in odontocetes. They noted that this area is 
typically a rough surface with “rugose 
ridges”, but in Kogia breviceps (figs. 84-85) 
and Ziphius cavirostris (fig. 85), this surface is 
smooth. Primitively for artiodactylans the 
texture of this area is smooth. The character 
exhibits extensive homoplasy, and for Pecor¬ 
ans and Cetaceans (including the stem) there 
is a transformation to the rough condition. 
Cases of fusion are scattered throughout the 
tree ( Hippopotamus , Bos, Inia, Balaenoptera) 
and these are each independent derivations. 

39. Articulation between the anterior tym¬ 
panic bulla and the petrosal: absent (0); 
present (1). This contact occurs on the 
anterior and lateral aspect of the petrosal. 
In pecorans (e.g., figs. 18-19, 21, 23) the 
contact is often quite large and meets a 
swelling on the bulla positioned anterior to 
the bullar part of the external acoustic 
meatus. Taxa for which this feature is absent 
are: f Protoceras celer (fig. 31), fCainother¬ 
ium, i Archaeotherium (fig. 73), f Diacodexis 
pakistanensis, f Agriochoerus, Orvcteropus 
afer, and Camelus dromedarius (fig. 31). All 
of these taxa, except f Archaeotherium and A. 
americana, have retained the primitive con¬ 
dition. 
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Primitively, this contact is present for the 
common ancestor of artiodactylans and 
perissodactylans and its presence is wide¬ 
spread throughout Artiodactyla. However, 
because a number of taxa exhibiting the 
absent condition are camelids or stem came- 
lids, it is not clear what the basal condition is 
for Artiodactyla. 

40. Fusion of the anterior tympanic bulla 
with the petrosal: absent (0); present (1). In 
many taxa in which there is a contact 
between the bulla and the petrosal, the two 
bones do not fuse. In all extant cetaceans 
examined. Hippopotamus amphibius (fig. 43), 
and Equus caballus (fig. 113), however, the 
two bones fuse. 

Fusion is an ambiguous synapomorphy of 
crown cetaceans. The primitive condition for 
artiodactylans is to have an unfused contact 
between these structures. 

41. Medial bulla articulation with pars 
cochlearis: absent (0); present (1). In many 
of the taxa examined here, there is contact 
with the bulla along the full anteromedial 
border of the petrosal, occasionally inter¬ 
rupted by a foramen. This contact typically 
involves flanges off the promontorium such 
as the epitympanic wing or the posteromedial 
flange. In several cetaceans and their stem 
taxa, however, this contact is absent. 

Presence of a medial bullar articulation is 
widespread among the taxa studied here and 
is present in the common ancestor of 
artiodactylans and in the common ancestor 
of artiodactylans and perissodactylans. 
Transformation to absence of contact occurs 
on the stem to Cetacea at t Dorudon, and 
possibly even more basal to this (it is 
ambiguous due to unscored fossil taxa). 

42. Posterior bulla articulation with pars 
cochlearis/pars canalicularis (Muizon, 1987; 
Messenger, 1994; Messenger and McGuire. 
1999: char. 1494): absent (0); present (1). This 
contact is most often between the bulla and 
the posteromedial flange or the caudal 
tympanic process of the petrosal. It is present 
in most taxa examined here for which the 
bulla and petrosal articulation is preserved. It 
is absent, however, in f Dorudon atrox and 
t Basilosaurus and in all extant cetaceans 
except Pontoporia blainvillei. Off the cetacean 
lineage, this is absent in Orycteropus afer, 
Camelus, and t Protoceras celer. Contact is 


present in perissodactylans (fig. 113), but 
because it is absent in some camelids, the 
condition of contact is ambiguous for the 
base of artiodactylans. 

Presence of a posterior bullar articulation 
is widespread among the taxa studied here 
and is present in the common ancestor of 
artiodactylans and the common ancestor of 
artiodactylans and perissodactylans. Trans¬ 
formation to absence of contact occurs on 
the stem to Cetacea at t Dorudon and possibly 
even more basal to this (it is ambiguous due 
to unscored fossil taxa). 

DISCUSSION 

Cetacea is a clade that underwent a major 
transformation during its evolutionary his¬ 
tory. The extant sister taxa of cetaceans have 
long been recognized to be terrestrial quad¬ 
rupedal mammals; thus, over the course of 
the evolution of modern cetaceans, their 
ancestors transitioned from a fully terrestrial 
quadrupedal lifestyle to the committed aqua¬ 
tic lifestyle of derived modern cetaceans. This 
transition affected a variety of anatomical 
systems, and the study of transitional fossils 
that record changes in these systems has 
helped us decipher such questions as how 
long this transition took, what anatomical 
systems changed first, and how systems 
changed relative to each other (e.g., Luo 
and Gingerich, 1999; O’Leary and Uhen, 
1999; Nummela et al., 2004; O’Leary and 
Gatesy, 2008; Geisler et ah, 2007; Spaulding 
et al., 2009). In particular. Early Tertiary 
stem fossils to crown clade Cetacea record 
important transitional morphologies in the 
dentition, the locomotor skeleton, and the 
skull (Geisler and Luo, 1998; Luo and 
Gingerich, 1999; Gingerich et al., 2001; 
Gatesy and O’Leary, 2001; Thewissen et al., 
2001; Nummela et al., 2004; Thewissen et al., 
2007). Many stem taxa to Cetacea had limbs 
large enough to support terrestrial locomo¬ 
tion, and some of these (e.g., flndohyus) also 
had dense auditory bullae of the middle ear, a 
character they share with living cetaceans. As 
most recently discussed by Luo and Ginger¬ 
ich (1999), the modified auditory bulla most 
likely indicated that cetaceans had initiated 
changes to the morphology of their middle 
ear to process waterborne sound rather than 
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airborne sound. Luo and Gingerich (1999) 
discussed how directional hearing under¬ 
water in cetaceans may have been enhanced 
by a sound differential between right and left 
ears that resulted from the presence of these 
dense bullae. These transformations of the 
middle ear also greatly affected the petrosal 
(the dorsal and medial surfaces of the middle 
ear), which in living cetaceans also consists of 
very dense bone. Better characterization of 
the morphologies of the middle ear in the 
sister taxa of Cetacea and other close 
relatives establishes an important compara¬ 
tive base on which to build interpretations of 
function and transformation of hearing 
behavior. 

The petrosal has played a significant role 
in the history of mammalian systematics; 
indeed, historically it has often been treated 
as a character of great phylogenetic weight 
(Wible, 1990). Even in a contemporary 
phylogenetic context in which osteological 
data are not weighted but are often inte¬ 
grated with molecular sequence data for 
combined analysis (e.g., O’Leary and Gatesy, 
2008; Spaulding et al., 2009), the anatomi¬ 
cally complex petrosal bone is a source of 
many cladistic characters. Its study remains a 
critical component of any thorough phyloge¬ 
netic analysis of a mammalian clade. Despite 
recent detailed treatments of the petrosal in 
early cetaceans, no work existed prior to this 
that looked comprehensively at this bone 
across Artiodactyla incorporating many liv¬ 
ing forms. Hypotheses of function and 
adaptation relating to the transformation of 
the petrosal and the entire middle ear are best 
interpreted by incorporating the many pe¬ 
trosal characters into a combined (e.g., 
molecular and morphological) phylogenetic 
analysis to generate a robust phylogeny 
based on all available data. 

Spaulding et al. (2009) is the largest (taxa 
and characters) analysis of artiodactylan 
phylogenetics to date. The results showed 
that cetaceans and their fossil stem taxa are 
nested within Artiodactyla as the extant sister 
taxon of hippopotamids. This result, which 
did not emerge from analysis of fossilized 
morphological data alone, but did emerge 
from combined analyses, is congruent with 
results from more than a decade of molecule- 
based studies (e.g., see review in O'Leary and 


Gatesy, 2008), and it is currently the best 
explanation of the data. Lorty-two characters 
in that study came from the petrosal or the 
petrosal-bulla contact. Those characters are 
described and illustrated herein. 

The ear anatomy of the two hippopotamid 
species has never before been described and 
compared in detail to that of cetaceans or 
other artiodactylans. I show that a number of 
characters, once thought to indicate a special 
relationship between fmesonychids and ceta¬ 
ceans (e.g., Luo and Gingerich, 1999), are 
also shared with hippopotamids. These in¬ 
clude the presence of a prefacial commissure 
fossa, a convex tegmen tympani, and a 
hyperinflated tegmen tympani. The last of 
these is even more similar between hippopo¬ 
tamids and cetaceans than between cetaceans 
and fmesonychids. In the context of the new 
data presented herein and the topology of 
Spaulding et al. (2009), these three features 
and the absence of a subarcuate fossa are 
synapomorphies of Cetancondonta, a hippo¬ 
potamid + cetacean clade. Contrary to 
previous reports (e.g., Luo and Gingerich, 
1999), fmesonychids and cetaceans do not 
share the anterior process of the tegmen 
tympani to the exclusion of other artiodacty¬ 
lans. This feature is more widespread among 
artiodactylans. Interestingly, the petrosal of 
hippopotamids and extinct cetaceans exhibit 
some striking similarities even though other 
osteological similarities shared among these 
taxa to the exclusion of other artiodactylans 
have been rare and hard to identify. 

I have observed that for artiodactylans, in 
particular, reconstruction of certain soft 
tissues of the middle ear may be more 
complicated than previously recognized. We 
still have very few detailed descriptions with 
illustrations of the soft tissues (nerves, 
vasculature, musculature) of the middle ear 
of extant artiodactylans. The information we 
do have from direct dissections indicates that 
in some artiodactylans, the internal carotid 
artery does not exist in the adult. None¬ 
theless, certain artiodactylans have transpro- 
montorial grooves. This suggests that struc¬ 
tures other than branches of the internal 
carotid artery, such as the internal carotid 
nerve, may be the soft tissue correlate of a 
transpromontorial groove. This has impor¬ 
tant implications for the reliability of recon- 
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struction of cranial vasculature in fossil 
mammals. Often reconstructions of soft 
tissues associated with grooves on the pro- 
montorium default to a reconstruction of the 
transpromontorial artery (the main branch of 
the internal carotid in the middle ear) as the 
soft tissue structure that made the groove. In 
other words, if a fossil taxon has a transpro¬ 
montorial groove, that taxon is often recon¬ 
structed to have a transpromontorial branch 
of the internal carotid artery that traveled 
across the promontorium. However, at its 
core this is a reconstruction of missing soft 
tissue data (e.g., Gatesy and O’Leary, 2001), 
and a groove made by an artery may be 
indistinguishable from a groove made by a 
nerve. Future work should investigate 
whether there are clear osteological differ¬ 
ences (relative size of groove, relative position 
of groove) that can be readily applied to 
fossil taxa. Even if such correlates can be 
identified, new projects should also investi¬ 
gate whether such soft tissue reconstructions 
based on osteological correlates alone give 
the same answer as soft tissue reconstructions 
based on optimization. As a broad compara¬ 
tive database for soft tissues in living 
mammals becomes available, investigators 
might also consider including such soft 
tissues as the transpromontorial artery as 
separate phylogenetic characters (along with 
their associated osteology) so that soft tissue 
reconstructions in extinct taxa can be tested 
by optimization (Bryant and Russell, 1992; 
Witmer, 1995), and not exclusively inferred 
from a preserved osteological feature (e.g., 
Wible et al., 1995: 8). If the transpromontor¬ 
ial sulcus in artiodactylans was made by the 
internal carotid artery, then the study by 
Spaulding et al. (2009) shows that this artery 
has reappeared in several instances within 
Artiodactyla alone. 

By developing an extensive comparative 
documentation of one character system, the 
petrosal, in artiodactylans and relatives, my 
aim is also to better record homology state¬ 
ments for comparative morphological data 
used in combined analyses. In this way, future 
morphological analyses can build more 
quickly on published ones and can expand 
to include increasingly large numbers of 
characters, including those from anatomical 
systems not yet exploited for morphological 


character analysis. Similar broad comparative 
work (with illustrations) on other anatomical 
systems such as the tympanic bulla, the 
middle ear soft tissues, the ear ossicles in situ, 
and the basicranium, which are included in 
the matrix of Spaulding et al. (2009), would be 
important complements to this contribution. 
Finally, the anatomical variation described 
herein, particularly that of the tegmen tym- 
pani and its relative inflation, should be 
explored in functional studies. Questions to 
pursue include examinations of the correla¬ 
tion between this morphology and life in an 
aquatic environment, not only in cetaceans 
but in other aquatic mammals, and explora¬ 
tions of what role this morphology plays in 
confronting the specific challenges presented 
by hearing in an aquatic environment. 
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